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THESIS ORGANIZATION 
 
This main focus of this research is to better understand the cellular and molecular 
mechanisms that contribute to heat-induced injury. This thesis is organized in four separate 
chapters.  Chapter 1 details background information relating to heat stress and its effects on 
human and animal populations. Next the review will provide an in depth analysis of heat-induced 
injury, beginning with an evaluation of oxidative stress and the antioxidant response. The review 
will then be focused on mitochondrial dynamics and the current literature regarding heat-induced 
mitochondrial damage and dysfunction. Finally, autophagy, which is the mechanism by which 
damaged molecules and organelles are cleared from the cell, will be discussed in in relation to 
heat stress and heat induced damage. The aim of this review is to provide necessary background 
and a compelling rationale for the experiments that were conducted in the associated research 
chapters.  In the first research chapter explores the effects of 1 and 3 days of heat stress on 
autophagic signaling and flux. In the second research chapter, we subjected mice to 6 hours of 
heat stress and measured mitochondrial function in isolated mitochondria. Further, autophagic 
signaling and flux were analyzed in response to the 6 hour heating period. In Chapter 4 
conclusions from this research are discussed and future research ideas from the author’s 
perspective.  
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ABSTRACT 
 
Heat stress causes morbidity and mortality in both humans and animals and is a pressing 
concern as average global temperatures continue to rise due to global warming. Commercial 
animal agriculture is also compromised resulting in reductions in animal production parameters 
including carcass value, milk yield, reproduction, and fertility with economic losses estimated at 
$2.4 billion dollars annually in the United States. Although heat related illness poses a threat to 
human and animal health, welfare, and performance worldwide, mechanisms of a heat stress-
induced injury are not well understood. We have previously found increased free radical injury 
following 12 and 24 hours of heat stress in oxidative, but not glycolytic skeletal muscle, which 
implicates mitochondria as contributors to cellular dysfunction. The objective of this study was 
to determine the extent to which heat stress altered mitochondrial dynamics in oxidative skeletal 
muscle. To address these objectives two studies were performed. In the first investigation 
crossbred gilts were subjected to thermoneutral (TN; 20 °C) or heat stress (HS; 35 °C) conditions 
for 1 or 3 days. Autophagic signaling and flux were found to be uncoupled by heat stress such 
that signaling was increased, however, flux was inhibited, causing autophagic stalling prior to 
lysosomal degradation. Furthermore, we found increased mitochondrial content, independent of 
biogenic signaling, indicating an accumulation of dysfunctional mitochondria. Previous work 
from our lab investigating heat-induced injury determined that 6 hours of heat stress in porcine 
skeletal muscle is an initial time point mediating heat-induced modifications. The purpose of our 
second study was to further evaluate the effects of heat-induced changes following 6 hours of 
stress in oxidative skeletal muscle. 24 male mice were randomly assigned to thermoneutral (TN; 
21 °C) or heat stress (HS; 37 °C) conditions for six hours. Following treatment the animals were 
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euthanized and the oxidative portion of gastrocnemius and soleus were recovered and divided for 
measurement of mitochondrial respiration, ROS production, metabolic flexibility, and 
autophagic signaling. Under these conditions heat stress did not cause mitochondrial 
dysfunction.  Further, maintenance of mitochondrial function was independent from increased 
autophagic signaling and flux as these were similar between groups.   These data demonstrate 
that although 6 hours of heat stress does not cause any changes, heat-induced injury is observed 
with longer periods of exposure leading to cellular and molecular dysfunc
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CHAPTER I 
LITERATURE REVIEW 
 
1.1 Heat Stress 
In the last decade average global temperatures have increased and are predicted to 
continue to elevate due to human activity, largely as a result of rising emission of greenhouse 
gasses into the atmosphere (2, 13). Earth system changes and climate variability are examples of 
direct consequences of climate change leading to increased environmental temperatures, which 
has the potential to expose all living organisms to gradually elevated temperatures and humidity. 
Future projections of climate change estimate that the global mean temperature will increase 
between 1.4 to 5.8°C by the end of the century, leading to more frequent intense heat events with 
more serious adverse effects. (41). In addition to climate change, other global changes in the 
physical and social environment such as population growth, urbanization, and land use changes 
will inevitably have negative implications for all living organisms and can be magnified due to 
interactions with climate change (41, 102).  As a result, humans, animals, and plants will be 
more susceptible to heat related injury as they will be increasingly exposed to elevated 
environmental temperatures.   
 Every endothermic organism has a set temperature range, known as a thermoneutral zone, 
in which they can adequately maintain equilibrium of their heat production and heat loss, and 
biological function is greatest (96, 111). When an endotherm experiences environmental 
temperatures outside of their thermoneutral zone, the rate of metabolic heat production is faster 
than energy lost to the environment, resulting in hyperthermia, defined as an increased core body 
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temperature due to failed thermoregulation (33). Heat stress encompasses a broad range of 
conditions with varying degrees of hyperthermia.   
 Across species a conserved cellular response to elevated body temperatures involves the 
family of proteins known as heat shock proteins (HSP) that function as molecular chaperones 
that assist in the repair of damaged proteins (93). They are ubiquitously expressed a low levels, 
however, increase in response to cellular stress and target misfolded or unfolded proteins to 
restore their native conformation (93). The major HSPs in mammalian cells, which include 
HSP110, 90, 70, 60, and 27 each have their own function and cellular location (93). HSP70 is 
often used as a marker indicating the magnitude and duration of thermal stress and plays a role in 
cytoprotection (93). It has also been demonstrated during acute hyperthermia the rapid increase 
in HSP70 mRNA is met by altered expression of enzymes involved in energy metabolism in 
specific skeletal muscles, suggesting oxidative muscle is more susceptible to heat induced 
changes than glycolytic fibers (97).  
 
1.1.1 Heat Stroke and Therapeutic Hyperthermia 
 Humans and animals exposed to intense heat events are at risk for heat stroke, heat 
exhaustion, heat syncope, heat cramps, and in severe cases even death (41, 49, 116). The effects 
of heat stress are dependent on several factors including the duration and temperature of heat 
exposure, in addition to other characteristics such as age, species, and health status, contributing 
to the observed injury. Short-term heat exposure has been shown to be therapeutic in attenuating 
oxidative damage and skeletal muscle wasting in rats (103, 104).  Additionally, short term 
repeated hyperthermia was also demonstrated to induce protection against disuse-induced 
muscular atrophy in rat skeletal muscles by a reduction in the expression of apoptotic signaling 
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and decreased ubiquination (120). Heat stress has also been shown to stimulate the proliferation 
of satellite cells and protein synthesis, promoting the regeneration of injured skeletal muscle in 
rats (50) and recovery from muscle atrophy (38). 
 In contrast, heat stroke is a life-threatening illness due to severe elevation in body 
temperature, above 40°C in humans, resulting in central nervous system dysfunction, such as 
delirium, seizures, and coma (54, 55, 58).  Mortality due to hyperthermia is most likely caused 
by heat stroke, which can result in multi organ failure (58). It has currently been suggested that 
the pathophysiological responses to elevated temperatures are not due to the immediate effects of 
heat exposure but are instead the result of long term consequences of heat stroke due to systemic 
inflammatory response syndrome, which proceeds following thermal exposure (55, 58). Even 
when treated, such as cooling and lowering body temperature, heat stroke can lead to tissue and 
organ dysfunction.  This review is limited to heat exposure endured for over 2 hours that does 
not cause neurological dysfunction and is not associated with exercise. We define this as heat 
stress, which is physiologically distinct from events resulting from heat stroke or therapeutic 
hyperthermia. Heat stress has been demonstrated to negatively affect human and animal health, 
animal agriculture and economics, and food security.  Despite these broad deleterious 
consequences  the mechanisms by which injuries occur are largely unknown (96). It is therefore 
imperative that we acquire a better understanding of the molecular mechanisms mediating injury 
in order to develop targeted interventions. The urgency of this knowledge is underscored by 
predicted continued elevations in global temperatures concomitant with population expansion in 
tropical/subtropical zones (29, 59, 114) . 
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1.1.2 Heat Stress and Human Health 
Exposure to elevated ambient temperatures has been shown to result in significant 
physiological changes, and is a serious hazard to human health. Symptoms of heat stress include 
elevated body temperature, respiratory rate, and heart rate, decreased blood pressure, 
dehydration, fainting, dizziness, sweating, thirst, headache and nausea (54). Heat stress-induced 
systemic hyperemia and blood flow redistribution to skeletal muscles are common physiological 
responses observed during heat stress (87). Heat stress has been shown to increase cardiac output 
through increasing heart rate and stroke volume (17). In most species heat stress is associated 
with increased circulating pro-inflammatory cytokines and inflammation (34, 54, 58, 61). Energy 
metabolism and fuel selection is altered during heat stress as circulating nonesterified fatty acid 
levels are decreased, and stress hormones including epinephrine, glucagon, and cortisol are 
elevated (12). This causes a shift toward the use of carbohydrates for ATP production and 
decreased fatty acid oxidation (12). Further, heat stress leads to increased circulating basal and 
stimulated plasma insulin concentrations (12). Elevated temperatures have also been shown to 
have negative effects on chronic conditions including cardiovascular disease, respiratory disease, 
cerebrovascular disease, and diabetes-related conditions (18). In the United States elevated 
temperatures resulted in the greatest number of weather-related deaths from 2000 to 2013 (1, 2).  
It was estimated that approximately 182 deaths each year in the United States are caused by heat 
related injuries (78). Although all humans are affected by intense heat, some groups including 
children, the elderly, poor or homeless, people with chronic diseases, and people who work 
outdoors, are more vulnerable and can have more severe responses to heat related illness (1).  
 While heat stress is a known, significant risk to human health only anticipatory measures 
are available to prevent heat-related illness (96). Despite the significant negative effects of heat 
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stress, aside from prevention and cooling, therapy for heat stress-induced conditions is symptom 
based and does not target the cause of heat stress, failing to eliminate heat stress induced 
pathologies (4). This may be due to a lack of understanding concerning cellular and molecular 
mechanisms affecting different tissues and organ systems contributing to the observed injury.  
 
1.1.3 Heat Stress and Animal Agriculture  
 Animal health and performance is compromised when ambient temperatures surpass a 
tolerable threshold as maintaining euthermia becomes the animals highest priority (21). Although 
the environmental range with which individual animals can respond are influenced by genetic 
predispositions, age or life stage, health, and prior exposure to conditions, all animals must have 
a balance between heat production and heat loss within the limits of their ability to store heat 
(21). 
Heat stressed animals experience a number of coordinated physiological changes 
ultimately reducing animal productivity (12). Blood flow is redistributed from the viscera to the 
surface of the skin, as a cooling mechanism to dissipate the body’s heat (85). In previous studies 
it has been established that heat stress alters intestinal integrity and barrier function in pigs 
leading to greater sensitivity to infectious disease (52, 84, 85).   The intestinal barrier is formed 
by tight junctions, enterocyte membranes, secreted mucus, and immunologic factors (52). The 
blood redistribution to the periphery causes reduced blood flow to gastrointestinal tract (GIT) 
and hypoxia, which disrupts the intestinal barrier and function (85). The GIT is responsible for 
digestion and absorption of nutrients and provides a barrier to allow only the passage of ions and 
nutrients and blocks the passage of unwanted molecules. Hypoxia induces an increase in tight 
junction permeability of the intestinal epithelium and a loss of intestinal barrier integrity, 
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allowing endotoxins and lipopolysaccharide (LPS) normally existing in the intestinal lumen to 
cross the membrane into the blood stream (52, 86). Lipopolysaccharide is a pathogenic 
component of gram-negative bacteria normally restricted to the intestinal tract.  It has been 
previously reported in rats, humans, pigs, and chickens that heat stress causes intestinal barrier 
dysfunction leading to increased concentration of circulating endotoxins in the blood (52).  
Increased LPS in the vasculature can initiate local and systemic proinflammatory immune 
responses, (52, 86) possibly leading to death.  
 In several animal models, heat stress has been demonstrated to alter metabolic and 
hormonal signaling directly affecting post-absorptive metabolism, independent of reduced feed 
intake (85) (115). Changes in systemic physiology result in shifts in metabolism due to 
coordinated modifications at both whole body and tissue-specific-levels (12). It was 
demonstrated that heat stressed animals have decreased fatty acids in circulation, which is 
surprising considering heat stressed animals generally have decreased nutrient intake.  This 
failure to mobilize fatty acids is associated with a shift to glucose utilization as the main 
substrate in energy metabolism, which contributes to increased carcass lipid in heat stressed 
animals (84).  The change in energetic homeostasis causes a shift toward the reliance on 
glycolysis for ATP production (115).  Heat stress has been shown to influence insulin function, 
as heat stress animals exhibit increased plasma insulin, which increases insulin-stimulated 
glucose uptake and glycolytic capability in skeletal muscle, and triggers glucose transport (11, 
98). Increased plasma insulin inhibits adipose lipolysis, and increases adipose lipogenesis, 
supporting the shift in energy metabolism to promote carbohydrate oxidation (98).  Heat stress 
has also been shown to decrease protein metabolism as the capacity of muscle protein 
synthesizing machinery and RNA/DNA synthesis are reduced (12). In addition, it has been 
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reported that markers of muscle break down are increased during heat stress, indicative of 
increased skeletal muscle catabolism and increased proteolysis (12).  
 When temperatures venture outside of the TN zone, production of commercial animal 
agriculture is negatively affected and leads to economic loss (21, 33, 72). Heat stress animals 
decrease their nutrient intake (21), and maintain a lower body weight, producing less meat of 
potentially lower quality(5, 84, 115). Reductions in animal production parameters including litter 
size, lean meat percentage and carcass value, milk yield, reproduction, and fertility negatively 
impact United States livestock industries with economic losses estimated conservatively at $2.4 
billion dollars annually (72). As the country’s largest producer of finishing hogs and sows, Iowa 
has experienced economic loses of 40$ million dollars per year due to heat stress, and will 
continue to experience increased economic losses as the temperature continues to rise during the 
summers (72). Dairy cows are especially susceptible to heat, and decreased earnings from milk 
production corresponds to half of all heat stress-induced agricultural loses (77). Furthermore, in 
agricultural animals heat stress has been shown to effect reproductive function, caused by 
impaired spermatogenesis and oocyte development leading to lower conception rates, fewer 
viable embryos, and smaller litters of reduced birth weights (80). Despite recent preventative 
heat abatement mechanisms such as cooling systems and barn management, the agriculture 
industry continues to lose money (3) suggesting further research on HS is required to alleviate 
future economic losses. 
  
1.1.4 Mechanisms of Heat-Induced Injury 
 Physiological changes observed during heat stress in animals and humans are a result of 
alterations at the cellular and molecular level. Understanding the intracellular mechanisms that 
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change in response to elevated temperatures is imperative in order to determine ways to treat and 
protect against HS mediated pathologies.  
 Given that mitochondria appear to play a central role in heat stress-mediated pathologies in 
skeletal muscle this review will examine existing data regarding heat stress-induced changes in 
mitochondrial dynamics and dysfunction.  Indeed, mitochondria are thought to be centrally 
involved in the heat stress response as altered environmental temperatures have been 
demonstrated to affect energy metabolism and ATP production and cause oxidative stress. 
Oxidative stress has been repeatedly found in heat stressed skeletal muscle causing free radical 
injury to cells and organelles, including the mitochondria. Autophagy, a multistep highly 
organized process, results in the bulk clearance and degradation of a host of cellular debris 
including damaged and dysfunctional proteins and organelles.  Autophagy is an important 
response initiated during stress and nutrient starvation in order to recycle cellular components, 
and is responsible for maintaining a functional mitochondrial network.  
 
1.2 Reactive Oxygen Species and Oxidative Stress 
 Reactive oxygen species, also known as “oxidants” are oxygen-containing molecules that 
have one or more unpaired electrons in their outermost shell, contributing to their chemical 
reactivity (82, 101) . The unpaired electron causes the radical to be unstable, which will quickly 
react with other molecules to become stabilized (40, 82). ROS can exist in many forms including 
hydroxyl radicals, superoxide, and nitric oxide (90, 101). During normal physiological 
conditions, ROS are found in moderate concentrations, as a byproduct of aerobic respiration. 
ROS act as regulatory mediators of redox biology required for cell signaling processes involved 
in proliferation and survival for normal cell conditions (26, 45, 74, 101). 
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 At high concentrations, free radicals and ROS are extremely destructive to living 
organisms and can cause oxidative damage to cells, proteins, lipids and nucleic acids (40, 101).  
Oxidative stress is caused by an imbalance in the  production and removal of reactive oxygen 
species in the cellular environment, and if not restored can cause harmful secondary effects to 
cells (101). 
 Increased reactive oxygen species have been hypothesized to stimulate inflammatory 
signaling, growth factors, proteolytic enzymes, lipoxygenases, and activation of oncogenes and 
transcription factors leading to cell injury and oxidative stress (40, 45). An increase in the ROS 
levels in a cell can be caused by several events or signals including drug metabolism, over 
expression of ROS-producing enzymes, deficiency in antioxidant enzymes, radiation or 
metabolic disorders (37).  ROS exhibits a dangerous positive feedback loop, where oxidative 
damage in turn induces increased production of ROS causing more damage to the cell (6). 
 Proteins are extremely abundant in cells and tissues, and are therefore major targets of 
ROS, which can affect all levels of protein structure and cause large physical changes (40). 
Oxidative stress can cause also cause peroxidation of membrane lipids, which can increase tissue 
and cell permeability and damage normal cellular function (40). Permanent oxidative damage to 
DNA by ROS can severely damage cell and tissue function, and is involved in mutagenesis, 
carcinogenesis and ageing (40). 
 Free radicals are produced from several sources including xanthine oxidase, NADPH 
oxidases, and the mitochondria, which are the primary producers of free radicals (6). The 
mitochondria contain many redox centers that have potential sites for electron leakage, which 
convert oxygen to the superoxide anion (6, 101). During normal physiological conditions, 
superoxide is produced from Complexes I and III in the electron transport chain as a byproduct 
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of aerobic respiration (90, 101). The superoxide radical is reactive and can form a series of other 
ROS. Dismutation of superoxide to hydrogen peroxide (H2O2) occurs rapidly, either 
spontaneously or catalyzed by the superoxide dismutase enzymes (90). Although hydrogen 
peroxide is a relatively weak oxidizing agent, it can readily form hydroxyl radicals, which are 
highly reactive oxidizing species, and the principal source of oxidative damage (90). 
 Xanthine dehydrogenase (XDH) and xanthine oxidase (XOD) contribute to the 
production of free radicals in cells and are isoenzymes of xanthine oxidoreductase, existing as 
separate but interconvertible forms (16).  XOD uses xanthine as a substrate and reduces its 
cofactor O2, producing superoxide and uric acid. XOD exists initially as XDH and is converted 
to XOD by enzyme-catalyzed modification. XDH uses the same substrate but has a greater 
affinity for reducing NAD, producing NADH, although it is capable of producing superoxide 
with a lower affinity for oxygen as its cofactor  (16, 65). 
 NADPH oxidase is another source of free radical production, and functions in redox 
signaling in the cell. NADPH oxidase catalyzes the formation of superoxide radical by reduction 
of oxygen through the transfer of electrons from NADPH (82). 
 It has been established previously that both 12 and 24 hours of heat stress leads to 
increased free radical injury in pig, chicken, amphibian and avian skeletal muscle (67, 69, 71). 
Under normal physiological conditions, ROS cause adaptive physiological redox stresses, which 
can activate additional cellular responses as protective mechanisms for the cell. For example, 
ROS can initiate coordinated activation of mitochondrial fission and autophagy to regulate the 
clearance of abnormal mitochondria and protect neighboring mitochondria and cells by 
preventing the spread of damage (125). 
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      When oxidative stress is unregulated, pathological ROS cause oxidant-induced cellular 
damage, which can lead to cell death and whole organ failure (125). Maladaptive oxidative 
damage results from an imbalance in the redox environment. Redox homeostasis is essential for 
normal function of mitochondria, cells, and organisms. Oxidative stress has been associated with 
a global reduction of protein synthesis through initiating translational reprogramming inhibiting 
mRNA translation (107).  Additionally, ROS have been shown to increase the degradation of 
damaged proteins, through signaling and activation of proteases, and downstream expression of 
genes involved in autophagy and proteolysis (76, 101).  
 
1.3 Antioxidants 
Mammalian cells possess a multi-leveled ROS defense network of enzymatic 
antioxidants (SOD, catalase, glutathione peroxidase) and non-enzymatic antioxidants (vitamins 
C and E, carotenoids, lipoic acid) whose role is protection against oxidative stress and re-
establishing cellular homeostasis (26, 40, 90). Antioxidant enzymes protect cells against 
oxidation by removing free radicals from cells. The three principal antioxidant enzyme systems 
that exist in cells include superoxide dismutase, catalase and the glutathione system (90). 
 
1.3.1 Superoxide Dismutase 
Superoxide dismutase (SOD) exists as the cells initial defense against superoxide 
radicals, dismutating them into H2O2 and oxygen (90). In mammals, three SOD isoforms of the 
enzyme are present (MnSOD, CuZnSOD and FeSOD), and are differentiated by their transition 
metal cofactors, required in the active site for the enzyme to be catalytically active (90). 
CuZnSOD (SOD1) is located in the cytosol and the mitochondrial intermembrane space, 
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although all three enzymes can be found in the cytosol. FeSOD (SOD3) is localized to the 
extracellular space and MnSOD (SOD2) is primarily located in the mitochondrial matrix, and its 
expression is associated with increased ROS production by the mitochondria (71). SOD enzymes 
has been demonstrated to be extremely active in oxidative muscle, which contains large 
mitochondrial volumes, owing to the fact that mitochondria are the largest contributors of ROS 
(90).  
 
1.3.2 Catalase 
Catalase is an antioxidant enzyme responsible for catalyzing the breakdown of H2O2 into 
water and oxygen. When a cell experiences oxidative stress, catalase enzymes are activated as 
increased ROS are dismutated to H2O2, which can form the toxic hydroxyl radical if not quickly 
eliminated by catalase (90). Iron is a required cofactor for the active form of the enzyme (90). 
Catalase exists in a variety of locations in a cell, but is mainly localized to the cytosol and 
peroxisomes of mammalian cells. Catalase activity increases with increasing concentration of 
H2O2, however its enzyme capacity is limited at low concentrations of its substrate requiring two 
H2O2 molecules to bind to its active site for enzyme activity (96).  A recent study on 12 hours of 
heat stress in oxidative muscle found increased oxidative stress, followed by an increase in 
SOD1 and SOD2 protein abundance and enzymatic function (unpublished findings). However 
heat stress did not cause a significant increase in catalase activity, which is still under 
investigation.  
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1.3.3 The Glutathione System 
 The glutathione enzymes are an additional source of antioxidants for the cell, and most 
commonly exist in the cytosol and mitochondrial matrix. Glutathione peroxidase catalyzes the 
reduction of H2O2 to water and alcohol, using the reduced form of glutathione (GSH) as the 
electron donor, forming GSSG, the oxidized form. Glutathione peroxidase can also catalyze the 
oxidation of NADPH to NADP+, reducing the oxidized form of glutathione (GSSG) back to 
GSH (6, 90). Additionally GSH can directly react with radicals as an antioxidant through 
donating a hydrogen atom (6, 90). 
 
1.3.4 Non enzymatic antioxidants 
 Nonenzymatic antioxidants also exist in cells and contribute to maintaining redox 
homeostasis (64). Many of these nonenzymatic antioxidants are naturally occurring compounds 
that can be acquired from a variety of foods. The most prominent antioxidants include vitamin E, 
vitamin C, carotenoids, and lipoic acid (90). 
 
 
1.4 Mitochondrial Dynamics 
1.4.1 Mitochondrial Morphology  
 Mitochondria are double membrane bound organelles, found throughout cells and are 
involved in metabolism, energy conversion, regulation of cell signaling, cell cycle control, and 
apoptosis (36, 109). Mitochondria engage in several dynamic behaviors including fusion (the 
joining of two organelles into one), fission (the division of a single organelle into two), directed 
transport within a cell, and mitophagy, or mitochondrial degradation (63).  Mitochondrial shape 
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and positioning is crucial in cells, and they constantly interact with one another inside cells in a 
continuous process of fusion and fission, maintaining a large functional mitochondrial network, 
which is regulated by several different GTPases (63). The machinery regulating mitochondrial 
morphology is also involved in the initiation of mitophagy, discussed below. Mitofusin 1 and 2 
(MFN-1 and MFN-2) mediate outer membrane fusion and optic atrophy 1 (Opa1) controls 
mitochondrial fusion of the inner membrane, respectively (53). Dynamin-related protein 1 
(Drp1) is a large cytoplasmic GTPase that promotes mitochondrial fission by translocation to the 
mitochondria and interaction with fission protein 1 (Fis 1) (53). On the mitochondrial surface 
(53) DRP1 assembles around the mitochondrial tubules and constricts it, to mediate scission 
(63). Fission is regulated by phosphorylation of DRP1 at several sites. Protein Kinase A (PKA) 
phosphorylation of DRP1 at S637 inhibits DRP1 activity and promotes elongation of the 
mitochondrial network (63). DRP1 dephosphorylation at serine 637 via the calcium-dependent 
phosphatase, calcineurin, promotes DRP1 activation and recruitment to the mitochondria (63). 
Calcineurin communicates metabolic stimuli related to calcium changes into alterations in 
mitochondrial morphology. Increased cytosolic calcium would potentially initiate calineurin-
triggererd mitochondrial fission. Further, DRP1 can be activated by events initiated by cold 
exposure resulting in PKA phosphorylation at S616, promoting fission (63). Mitochondrial 
fission has also been implicated in the facilitation of mitochondrial transport, mitophagy, and 
apoptosis.  
Mitochondrial interaction allows cytotoxic material and contents of damaged 
mitochondria to be transferred to a single mitochondrion, which can be targeted for destruction, 
protecting the remaining mitochondrial reticulum (36).  Mitochondrial remodeling through 
fission and fusion is important for maintaining mitochondrial homoeostasis and primes the 
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mitochondria for mitophagy. Inhibiting the fission machinery or enhancing fusion were both 
demonstrated to decrease mitophagy, while increasing fission promotes mitophagy (42). A recent 
study with a conditional MFN1/2 knockout, found an accumulation of dysfunctional 
mitochondria and a lack of mitophagy further demonstrating that mitochondrial dynamics are an 
essential part of mitophagy pathways (36).  
The energetic state of the cell influences mitochondrial morphology. During growth, 
mitochondria elongate, and cells rely more heavily on oxidative phosphorylation for ATP 
production (63). Consistent is the idea that elongated mitochondrial networks are able to generate 
energy more efficiently, and further, oxidative phosphorylation has been shown to stimulate 
mitochondrial fusion, leading to increased elongation (63). It has been shown that the inner 
membrane proteases Yme1L and Oma1 are important sensors that link metabolic conditions to 
the inner membrane fusion machinery. Yme1L and Oma1 are responsible for the proteolytic 
processing of Opa1, which activates fusion. In conditions of increased ATP production, fusion is 
enhanced, whereas signals of mitochondrial uncoupling result in the inhibition of fusion (63).  
 
1.4.2 Mitochondrial Biogenesis 
Mitochondria contain their own genome and mtDNA which encodes 13 mitochondrial 
proteins, contributing to the assembly of respiratory chain complex subunits, the rest of which 
are encoded by the nuclear genome (124). Mitochondrial biogenesis is controlled by hormone 
and growth factor-initiated signaling pathways, and results in the activation of nuclear 
transcription factors that direct the coordinated expression of nuclear DNA and mtDNA-encoded 
proteins. Mitochondrial transcription factor A (TFAM) activates transcription of mtDNA (124), 
and the overexpression of human TFAM in mice has been demonstrated to stimulate 
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mitochondrial biogenesis and ATP synthesis (113). Peroxisome proliferator-activated receptor 
gamma coactivator 1 α (PGC-1α) controls the activation of TFAM and mitochondrial biogenesis 
by activating transcription factors, Nuclear respiratory factor 1 (NRF1) and estrogen-related 
receptor α (ERR-α), responsible for regulating the expression of nuclear DNA encoded 
mitochondrial proteins, including TFAM(22). The mitochondrial proteins are then imported into 
the mitochondria, where TFAM can bind to and activate the expression of mtDNA encoded 
proteins necessary for mitochondrial biogenesis (8, 22). 
The PGC-1α signaling pathway is a central regulator of mitochondrial biogenesis and 
oxidative metabolism, and controls the transcription of respiratory chain and fatty acid oxidation 
genes, mitochondrial mass, intrinsic composition of individual mitochondria, and mitochondrial 
respiratory capacity (8, 124). Mitochondrial biogenesis contributes to the pool of functional 
mitochondria, which balances degradation contributing to a constant mitochondrial content 
(124). PGC-1α activity is controlled by its abundance, cellular localization, and post-translational 
modifications. PGC-1α can be regulated by various signaling molecules including AMP-
activated protein kinase (AMPK), protein kinase A (PKA)-dependent cAMP response element-
binding protein (CREB), and sirtuin 1 (SIRT1), an NAD+-dependent deacetylase (8). Post-
translational modification, such as deacetylation and methylation of PGC-1α increase its activity, 
whereas acetylation and sumoylation decrease its function (8). PGC-1α activity can also be 
controlled by phosphorylation, for example by AMPK on threonine-177 and serine-538, 
enhancing its activity (31). Insulin also induces phosphorylation of PGC-1α through the action of 
Akt at serine-570, inhibiting its activity (31).  
 Mitochondrial biogenesis is regulated by various physiological and external stimuli and 
PGC-1α has been demonstrated to be essential in connecting stimuli to the internal metabolic 
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response (46).  Short term heat stress (1 h at 40 °C) in C2C12 myotubes induced mitochondrial 
biogenesis through upregulation of AMPK/SIRT1/PGC-1α pathway activation (57). It was also 
found that 5 days of continuous heat stress increased the expression of PGC-1α and 
mitochondrial oxidative phosphorylation subunits, concomitant with a drastic increase in 
mitochondrial DNA copy number (57). Further, PGC-1α was demonstrated to act as a 
transcriptional repressor of Heat-shock factor 1 (HSF1), which has an important role in 
regulating the heat-shock/stress response. Under normal conditions HSFI forms a complex with 
HSP 50, 70, and 90, however, under stress HSF1 is released from the complex and translocates 
to the nucleus where it binds to the heat shock element (HSE) in the promotor of heat shock 
response genes. (62, 66). Activated mitochondrial biogenesis in response to heat stress leads to 
the direct binding of PGC-1α to HSF1 repressing the expression of heat shock proteins (62).  
To better understand PGC-1α activation in response to heat stress, other PGC-1α-driven 
pathways were examined. The induction of PGC-1α in response to physiological stimuli leads to 
increased generation of ROS likely because of an increased number of mitochondria. Further, 
studies have demonstrated that PGC-1α stimulated mitochondrial biogenesis in parallel with 
increased expression of cellular ROS-detoxifying enzymes including superoxide dismutase-2 
(SOD2), catalase, and glutathione peroxidase1 (GPX1) in order to maintain oxidant-antioxidant 
homeostasis (8, 108).  Cells are able to increase ATP production without suffering from 
increased oxidative injury (8). The ability of PGC-1α to control numerous pathways and cellular 
functions highlight the importance of PGC-1α in the HS response and skeletal muscle 
adaptations (79).  
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1.4.3 Mitochondrial Function 
 Mitochondria are the sites of ATP production and house the major enzymes required for 
complete oxidation of sugars, fats, and proteins. Each of the three substrates can be catabolized 
to acetyl-coA, which then enter the citric acid cycle in the mitochondrial matrix. Sugars initially 
undergo glycolysis in the cytosol, converting them to pyruvate. Pyruvate dehydrogenase 
facilitates the conversion of pyruvate to acetyl-coA. Fatty acids are converted to acetyl-coA 
through beta oxidation inside the mitochondria. Various enzymes exist that convert specific 
amino acids into pyruvate, acetyl-coA, or directly into citric acid cycle intermediates.  
In the citric acid cycle, also known as the tricarboxylic acid cycle (TCA) or Krebs cycle, the two-
carbon acetyl group of acetyl-coA is transferred to the four carbon oxaloacetate, forming citrate, 
a six carbon molecule. Citrate is then oxidized back to oxaloacetate, through a series of seven 
enzymatic steps that results in the production of two molecules of carbon dioxide, and the 
transfer of electrons to the cofactors NADH and FADH2. The free energy is carried to the 
electron transport chain by NADH and FADH2, and oxaloacetate is free to participate in the 
cycle again.  
 The mitochondrial respiratory chain consists of multi-subunit protein complexes that are 
embedded in the inner mitochondrial membrane and carry out the final catabolic reactions. 
Electrons are transferred from NADH, FADH2 and reducing equivalents to oxygen, generating 
the mitochondrial membrane potential via proton pumping into the intermembrane space. The 
electrochemical gradient then drives the synthesis of ATP via complex V (ATP synthase) in the 
final step of oxidative phosphorylation. The partial reduction of oxygen, which often occurs at 
complexes I and III, results in the formation of superoxide. Complex I (NADH- ubiquinone 
oxidoreductase) oxidizes NADH with coenzyme Q as the electron acceptor, and couples this 
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reaction to the pumping of 4 proton from the matrix across the inner mitochondrial membrane, 
generating mitochondrial transmembrane potential (6). Coenzymne Q freely diffuses through the 
inner mitochondrial membrane to reach Complex III (ubiquinone:cytochrome c reductase), 
which oxidizes coenzyme Q and passes the electrons to cytochrome c, again coupled to the 
translocation of 4 protons, increasing the membrane potential (6, 125). FADH2  delivers electrons 
to complex II (succinate dehydrogenase), which is itself part of the electron transport chain, and 
catalyzes the oxidation of succinate to fumarate in the citric acid cycle (44). Succinate 
dehydrogenase contains FAD as a prosthetic group together with iron-sulfur clusters, that help 
transfer the donated electrons to coenzyme Q. Succinate dehydrogenase is the only complex that 
does not pump protons from the mitochondrial matrix (44). At complex IV  (cytochrome c 
oxidase), four molecules of cytochrome c donate one electron each to the enzymes iron/copper 
active site, which then catalyzes the formation of water, and associated pumping of protons into 
the intermembrane space. In the final reaction, ATP synthase harnesses the energy of the proton 
gradient to synthesize ATP through the phosphorylation of adenosine diphosphate (ADP) (81).  
 
1.4.4 Heat Stress and Mitochondria 
 Heat stress has been demonstrated to cause morphological and functional changes to 
mitochondria, leading to impaired performance and cellular injury. The production of reactive 
oxygen species is regulated during normal activity to prevent oxidative stress and damage to the 
cell. When the production of ROS exceeds the ability of the various defense mechanisms to 
protect cells, oxidative injury can occur with an accumulation of ROS within the mitochondria 
(6). It has been previously established that heat stress induces the increased production of ROS 
by the mitochondria resulting in oxidative stress and decreased mitochondrial efficiency (67-71). 
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ROS can damage the functionality of mitochondria by inducing mitochondrial DNA mutations, 
and lipid peroxidation leading to a loss of mitochondrial membrane potential (24, 100). Opening 
of the mitochondrial permeability transition pore (MPTP) and the inner membrane anion channel 
(IMAC) decreases the mitochondrial membrane potential, leading to an increase in ROS 
production by the electron transport chain (100).  This observation was termed ROS-induced 
ROS release (RIRR) (51, 125).  The RIRR causes damage to the mitochondrial electron transport 
proteins, which initiates additional uncontrolled superoxide production by the mitochondria and 
causes further oxidative damage, a vicious cycle (24). In cultured rat neuronal cells, 1 hour of HS 
induced mitochondrial membrane depolarization and electron leakage, suggesting mitochondrial 
dysfunction, which was likely responsible for the observed caspase activation and neuronal cell 
death induced by heat stress (118).  Increased expression of MnSOD has been associated with 
increased free radical production from the mitochondria in skeletal muscle of pigs (65), rodents 
(48), and chickens (9, 10, 71). Additionally it was previously found that heat stressed 
mitochondria, isolated from avian skeletal muscle, increased superoxide production together with 
decreased uncoupling protein mRNA expression (67, 70). 
 It has been hypothesized that a loss of calcium homeostasis in the cell triggers the 
increase in free radical production by the mitochondria. Sarco endoplasmic reticulum 
Ca2+ ATPase, SERCA, is a Ca2+-ATPase transmembrane protein that regulates the 
resequestration of calcium into the sarcoplasmic reticulum during skeletal muscle contractions 
(99).  It was demonstrated by a study on rat muscle that SERCA function is decreased during 
heat stress (20, 56, 99, 105). The thermal uncoupling of the Ca2+ pump in skeletal muscle and 
subsequent uncontrolled SR calcium release has been hypothesized to result in a loss of Ca2+  
homeostasis and the primary event underlying the localized mitochondrial depolarization (20, 
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27). Functional mitochondria generate a large membrane potential, which is the driving force of 
oxidative phosphorylation and subsequent mitochondrial calcium uptake (27). When calcium 
becomes elevated in the cytosol, mitochondria will take up additional Ca2+ leading to a decrease 
in mitochondrial membrane potential and electron leakage causing increased production of ROS 
(27). Excessive mitochondrial Ca2+ uptake, when combined with increased oxidative stress, can 
result in the opening of the mitochondrial permeability transition pore (mPTP) causing necrotic 
cell death and be especially detrimental to the brain, heart, and muscle (81).  
 Previous work has also reported a heat stress-induced shift in post-absorptive metabolism 
from oxidative phosphorylation to glycolytic metabolism for ATP production, and a reduction in 
fatty acid oxidation (84, 117). It was demonstrates that heat stress reduced acetyl-coA flux 
through the TCA cycle, while simultaneously increasing glycolysis (93). The pyruvate 
dehydrogenase complex (PDH)  controls the flux of glucose carbons through the TCA cycle, and 
irreversibly converts pyruvate to acetyl-coA (93). Pyruvate dehydrogenase kinase 4 (PDK4) 
covalently modifies and inactivates PDH. It was found that PDK4 mRNA is increased in skeletal 
muscle of rodents, pigs, and ruminants, in response to heat stress, ostensibly increasing PDH 
inhibition (93). Muscle PDH is also inhibited by lipopolysaccharide, which is frequently 
increased during heat stress. Furthermore, reduced oxidative glucose metabolism observed 
during heat stress may also be due to heat stress-induced mitochondrial dysfunction and 
increased ROS production (93). Mitochondrial damage can impair a cell’s capacity to meet the 
increased energy demands caused by increased environmental temperature, and may lead to 
increased levels of oxidative injury (93).  The shift from mitochondrial flux may be a protective 
mechanism to reduce substrate oxidation and mitochondrial ROS production to prevent cellular 
injury during heat stress (64).  
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Autophagy 
1.5.1 Function of Autophagy 
 Cell survival is dependent on conservation and generation of energy, and responsive 
adaptation to the constant changing biological conditions including the environmental state (24).  
This requires the coordination of multiple metabolic pathways, involving glucose metabolism 
and mitochondria, which are essential for normal function (24).  Previous studies have 
established that glycolysis and oxidative phosphorylation and mitochondrial function are closely 
linked to redox dependent-regulation through cell signaling (24). 
 During normal physiological conditions, mitochondrial ROS production is an essential 
component of the redox equilibrium and is involved in the control of cell growth and 
differentiation (24).  During pathological conditions, mitochondria are targets of ROS and cause 
mitochondrial damage and a loss of membrane potential creating a pool of dysfunctional 
mitochondria in the cell. It has been demonstrated that oxidative stress can cause protein 
degradation via the autophagy/lysosome pathway leading to decreased muscle mass(15, 60). 
Mitochondria are essential for cellular function and energy metabolism, however when damaged 
mitochondria contribute to cellular dysfunction, and ultimately programmed cell death. 
Therefore, in order to maintain cellular homeostasis dysfunctional mitochondria must be 
recognized and removed through autophagy-mediated degradation.  
 The autophagy-lysosomal pathway degrades damaged biomolecules, and provides a vital 
means for recycling cellular constituents, and clearance of damaged lipids, proteins and 
organelles (47, 92).  Basal autophagy is essential for maintaining homeostatic function and 
ensuring the removal of harmful or cytotoxic entities. Most cells upregulate autophagy in 
response to homeostatic perturbations, regulated by glucose metabolism, or activated by  
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oxidative stress and mitochondrial dysfunction (89). This allows the cell to preserve ATP 
production for synthesis of essential macromolecules and provides cells with biofueld from the 
degradation of damaged or hazardous biomolecules, an adaptation for survival in stressful 
conditions (25).  
In response to stress the autophagic machinery can be activated very rapidly, 
demonstrating an evolutionary advantage as it maximizes the likelihood the cell squelch stressful 
conditions before the cell experiences irreversible damage (89). Over time the autophagic 
response can be protracted, allowing cells to survive under suboptimal conditions, that would 
otherwise be lethal (89). The rapid activation of autophagy occurs through post-translational 
modifications of mTOR and ULK1 and subcellular relocalization.  Protracted autophagic 
responses occurs through specific stress responsive transcriptional factors that control the 
expression of core components of autophagic machinery, including LC3 (89).  Stress-inducible 
transcriptional regulation of autophagy includes several transcription factors such as HSF1, NF-
κB, which mediates anti-apoptotic effects, members of the forkhead box (FOXO) family, 
involved in managing oxidative stress (89).   
  
1.5.2 Signaling Pathway and Mechanism of Autophagy 
In mammalian cells, a key regulator of the autophagy pathway is mammaian target of 
rapamycin (mTOR), which when activated in response to amino acid and nutrient availability, 
inhibits autophagy (122). Low levels of ATP either from glucose starvation or mitochondrial 
dysfunction can activate AMP-activated protein kinase (AMPK), which inhibits mTOR and 
activates ULK1 by phosphorylation of Ser-555, initiating autophagy. Under conditions of 
nutrient abundance, mTOR is activate and phosphorylates ULK1 at Ser757 preventing its 
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interaction with AMPK (25, 122). It has also been demonstrated that an increase in cytosolic 
calcium concentrations causes calcium/calmodulin-dependent protein kinase kinase 2, beta 
(CAMKK2/CaMKKβ) to activate AMPK, which induces autophagy (83).  
Downstream of AMPK/mTOR, autophagy is activated by increased phosphorylation of 
ULK1 at Ser-555, and the activation of transcription factor EB (TFEB), a transcription 
activator of several genes encoding autophagy and lysosomal proteins (122).  The abundance of 
TFEB in the nucleus can be regulated to match cellular demand for autophagosome/lysosome 
function by an interaction between mTORC1 complex and TFEB on the surface of lysosomes.  
mTOR can transduce signals from changes in lysosomal status and thus control TFEB entry to 
the nucleus (94). mTORC1 regulates Serine 211 phosphorylation-dependent binding of 14-3-3 
proteins to TFEB which prevents TFEB nuclear translocation when lysosome function is 
optimal, however, TFEB is able to translocate to the nucleus in response to impaired lysosome 
function (94). Upon activation and translocation TFEB binds to the CLEAR consensus sequence, 
a specific gene network, named coordinated lysosomal expression and regulation (CLEAR), to 
activate gene transcription of over 400 identified target genes including lysosomal hydrolases 
and accessory proteins, lysosomal membrane proteins, and V-ATPase pumps (106).  
Once activated, ULK1 phosphorylates Beclin-1 at Ser-14, which is essential for the 
activation of the Class III PI3K and its recruitment to the phagophore (75). Beclin-1 is a Bcl-2-
homology (BH)-3 domain only protein, which is sequestered by the anti-apoptotic Bcl-2 protein, 
and is under transcription regulation by NF-κB. The binding of Beclin-1 with the Class III PI3K 
generates the pre-autophagosomal structure and initiates nucleation of autophagic vesicles (75). 
The Beclin-1/PI3K III complex is controlled by both transcriptional and post translational 
(phosphorylation or ubiquitination) modifications. After phagophore nucleation the nascent 
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autophagosome undergoes expansion and maturation, which is controlled by two ubiquitin-like 
conjugation pathways, the Atg5/Atg12/Atg16L1 complex and LC3-II (73).  
Atg12 is initially covalently conjugated by its C-terminal to a Lys residue of Atg5, 
through an isopeptide bond. The bond is formed by several ubiquitination-like reactions, 
dependent on the E1 activating enzyme Atg7 and E2 conjugating enzyme Atg10. (32)  Following 
Atg12-Atg5 conjugation, Atg16L1 binds to Atg5, and forms the Atg16L1 complex (32). These 
protein complexes are localized to the growing isolation membrane, and dissociate from the 
membrane after completion of  autophagosome formation (32). The addition of Atg16L1 has 
previously been shown to be the only limiting component of complex assembly, and recruits 
Atg12-Atg5 complex to the phagophore (32).  Atg16L1 is also important for LC3 localization to 
the isolation membrane and determines the site of LC3 lipidation (32).  
The second ubiquitin like pathway involves a microtubule associated proteins (MAP1) 
light chain 3 (LC3). Initially pro-LC3 is cleaved by Atg4, exposing a glycine residue at the C-
terminal forming LC3-I. LC3-I is conjugated at its C-terminal carboxyl base to 
phosphatidylethanolamine (PE) through an amide bond, forming LC3-II. The bond formation is 
again produced by a sequence of ubiquitination-like reactions, requiring Atg7, and another E2 
analogue Atg3 (32). LC3-II is then inserted into the autophagosomal membrane, and remains 
attached until the autophagosome fuses with the lysosomes. Alternatively, LC3-II may be 
degraded with the cargo (39).  
Many researchers employ the ratio of LC3-II to LC3-I, as a measure of autophagic flux 
and the degree to which the autophagy machinery has been turned on. However, recent studies 
have debated the extent to which LC3-II is degraded by the lysosome or remains in the cytosol 
 
 
26 
after degradation and is recycled. Much controversy has arisen over the LC3 ratio, and whether it 
is an appropriate measure of autophagic flux (39).   
Once the autophagosome has fully elongated, the two ends of the phagophore membrane 
will bind, encapsulating the cargo, which can then fuse with a lysosome forming an 
autophagolysosome (24). Degradation of the autophagosome inner membrane together with its 
luminal contents is dependent on the function of lysosomes, therefore lysosomal fusion can be 
rate limiting in autophagic flux (122). Lysosomes are acidic membrane-bound organelles that 
contain over 50 hydrolytic enzymes that degrade proteins, lipids, nucleic acids, and 
polysaccharides. The membrane of the lysosomal compartment, made of over 120 membrane 
proteins, controls acidification and the intralysosomal pH, sequestration of functional lysosomal 
enzymes, and the transport of degraded products from the lysosomal lumen to the cytoplasm (30, 
123). The lysosomal membrane contains several highly N-glycosylated proteins, including the 
glycoproteins LAMP-1 and LAMP-2, which are required for fusion of autophagosomes to 
lysosomes. In LAMP-2 deficient mice, an accumulation of autophagic vesicles was observed in 
several tissues (112).  The SNARE protein syntaxin 17 has been demonstrated to localize to 
mature autophagosomes and is required for fusion with the lysosome through interaction with 
SNAP29 and the lysosomal SNARE VAMP8 (83). Once the cargo is delivered to the lysosome it 
is degraded and eventually recycled to the cytoplasm (24). 
 Under conditions of starvation and autophagy, lysosomal biogenesis may be important as 
the lysosomal pool becomes depleted. During prolonged autophagy, nutrients are released from 
autophagosomes into the cytosol, which is hypothesized to activate mTORC1, which regulates 
TFEB translocation into the nucleus and could promote lysosome biosynthesis to regenerate the 
lysosomal pool (88).  
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Compromised regulation of autophagy can lead to increased production of ROS and 
oxidative stress, and an accumulation of dysfunctional mitochondria and biomolecules in cells. 
In many diseases associated with autophagy dysfunction, it has been shown that the final stage of 
autophagy-lysosomal degradation is disrupted, and defective lysosomal acidification has been 
demonstrated to play a role in the proteolytic failure (119). In several neurodegenerative diseases 
defects in different stages of autophagy are primary factors contributing to the disease state (43, 
119). In Alzheimer’s disease, the induction of autophagy is stimulated however, degradation of 
autophagic cargo by lysosomes is impaired, leading to large accumulations of autophagosomes 
in affected neurons reflected as increased LC3A/B II content in these cells (119). The acidic 
lysosomal lumen pH is generated by the vacuolar-type ATpase (v-ATPase) that mediates ATP-
driven transport of protons across the membrane. Regulation of proper lysosomal pH  for 
transporting and degrading cargo is complex and requires the V-ATPase and the coordination of 
various ion transporters. Lysosomal pH balance is vulnerable to disruption by many factors 
including mutations of several lysosomal proteins(43, 119). 
 
1.5.3 Selective Autophagy 
Selective autophagy contributes to intracellular homeostasis through efficient recognition 
and sequestration of autophagy substrates by specific receptors/adaptor proteins that bind 
designated cargo and recruits the autophagy machinery. Selective autophagy is mediated by 
adaptor proteins which are able to bind cargo to a nascent autophagosome and simultaneously 
interact with LC3 (121). While some receptors bind their cargos directly, in mammalian cells 
several receptor proteins recognize poly-ubiquitin chains on the surface of cargo, such as 
p62/SQSTM1 (sequestosome), a specific adaptor that recognizes ubiquitinated proteins on the 
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surface of substrates through its ubiquitin association domain (UBA), and interacts with LC3 on 
the phagophore. (95) Recent data has suggested p62 acts as a scaffold for autophagosome 
biogenesis, and elicits directed autophagosome formation directly around the protein aggregates 
or damaged organelles resulting from interactions between p62 and upstream Atg proteins (95). 
It has been suggested that the specific binding of p62 to certain ubiquitin chains might be 
a further level of regulation imposed during selected autophagy. Different ubiquitin chains 
trigger distinct cellular responses.  For example K48-linked chains are recognized by the 
proteosome and mediate proteosomal degradation, while K63-linked chains trigger autophagy. It 
was shown that p62 binding to K48-linked chains partially disrupts p62 oligomers, preventing 
the accumulation of p62 and preventing degradation by autophagy, in favor of proteosomal 
degradation (121). 
 
1.5.4 Mitophagy 
Mitochondria are essential for cellular function and energy metabolism, however when 
damaged mitochondria generate many stress signals that result in cellular dysfunction, and 
ultimately programmed cell death. Therefore, in order to maintain cellular homeostasis, 
dysfunctional mitochondria must be recognized and removed through autophagy-mediated 
degradation. 
 The selective autophagy of dysfunctional mitochondria, or mitophagy, is a highly 
regulated process and is essential for maintaining mitochondrial quality control and cell survival 
through bulk degradation of damaged mitochondria. Mitophagy can be induced by mitochondrial 
DNA damage, loss of mitochondrial membrane potential, damage to the mitochondrial electron 
transport chain, mitochondrial fragmentation, or damaged to mitochondrial proteins (32).  
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Mitophagy is an essential component of mitochondrial dynamics, and regulates the 
mitochondrial network (7).  Fission and fusion allow efficient distribution of mitochondria 
within the cell, and the ability to rapidly change the distribution based on local cells’ needs (7). 
The depolarization of mitochondria leads to a loss of the proteins Opa1 and MFN-1 and -2, 
which are required for mitochondrial fusion, leading to mitochondrial fragmentation. In order to 
be engulfed by an autophagosome, mitochondrion must be separated from the mitochondrial 
network. A shift toward increased fission and decreased fusion promotes separation of the 
damaged mitochondria from the mitochondrial network, facilitating mitophagy (7). 
The protein PTEN-induced putative protein kinase 1 PINK1 is a mediator of 
mitochondrial quality control processes, and endogenous PINK1 is imported and degraded inside 
healthy mitochondria. PINK1 is selectively stabilized and accumulates on the surface of 
damaged, depolarized mitochondria, and recruits the E3 ubiquitin ligase Parkin, to the 
mitochondria, where Parkin becomes activated by PINK1 phosphorylation at S65 (28). The 
accumulation of PINK1 and Parkin on damaged mitochondria promote mitochondrial 
segregation from the mitochondrial network, and target them for degradation through Parkin 
catalyzed ubiquitination of MFN-1 and -2, VDAC, and other outer mitochondrial proteins, 
initiating mitophagy (36).  Parkin activates the ubiquitin-proteosome system (UPS) for 
degradation of outer membrane proteins, evidenced by an increase in K48-linked polyubiquitin 
on mitochondria, which recruits the 26S proteosome, independent of the autophagy pathway 
(14). However, it has been demonstrated that inhibition of the 26S proteosome in mouse cells 
completely prevents parking-mediated mitophagy, indicating that the mechanism of the UPS is 
essential for mitophagy (14). Ubiquitination and subsequent degradation of MFN-1 and -2 
prevents damaged mitochondria from fusing with the functional mitochondrial network, and is 
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important for mitochondrial degradation (7). Because Parkin is only enriched on dysfunctional 
mitochondria, this spares healthy organelles from autophagic degradation (63). 
Loss of function mutations of both PINK1 and Parkin result in severe neurodegenerative 
disorders (35), implicating their importance in mitochondrial regulation and cellular homeostasis. 
While it is clear PINK1 is required for normal mitochondria quality control, recent work has 
shown that a loss of PINK1 function gives rise to increased oxidative stress and promotes 
mitochondrial turnover, rather than inhibition of mitophagy (19). A possible explanation is that 
the increased mitochondrial oxidative stress might actually trigger a PINK1-independent 
mitophagy (7). It has been shown that AMBRA1, an upstream autophagy regulator is able to 
induce PINK1 and Parkin independent mitophagy (110). AMBRA1 facilitates mitochondrial 
clearance by binding damaged mitochondria to autophagosomes through an LC3 interacting 
region, inducing mitophagy independently (110).  
In a study by Wen-Xing Ding et al. it was hypothesized that Parkin, ubiquitin, and p62 
prepare the mitochondria for mitophagy, referred to as mitochondrial priming, but they were not 
required for the induction of the autophagy machinery (23).  BNIP3-like protein (BNIP3L) a pro-
apoptotic BH3-only member of the BCL-2 family, has been implicated as an important selective 
autophagy receptor, and required for the mobilization of autophagy machinery (36). BNIP3L has 
a conserved LC3 interacting region that activates and recruits the autophagosome machinery to 
the tagged mitochondria. Recent studies have demonstrated that BNIP3L induces selective 
removal of mitochondria by initiating the translocation of Parkin to the mitochondria, and 
inducing the translocation of  Drp1, involved in mitochondrial fission (53). Additionally it has 
been demonstrated that BNIP3-mediated mitophagy  can be independent of free radical injury, a 
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loss of intracellular Ca2+ homeostasis, and mitochondrial permeability transition pore (mPTP) 
opening (91).  
 
1.6 Summary of Literature Review 
This review details the current literature regarding the mechanisms by which heat stress 
induces damage at the organ, tissue, and cellular levels. Unfortunately, this information is limited 
making development of therapeutic interventions, for both human and agricultural applications, 
difficult. Oxidative stress, mitochondrial dysfunction, and autophagy have been observed in 
many different models in response to not only heat but other stressors, reflective of the basic 
nature of living cells. Oxidative stress results from heat-induced injury, produced primarily by 
the mitochondria and leads to further ROS-induced injury to cells and organelles. Heat stress 
causes dysfunction to mitochondrial respiration and to whole body metabolism which results in 
inefficient oxidation and energy usage. Further, as a mechanism to clear damaged proteins and 
organelles resulting from heat injury, cells employ the autophagy lysosome pathway to degrade 
and recycle dysfunctional biomolecules, providing useful energy and removing potential hazards.  
This review provides information on the effects of heat stress not only in skeletal muscle, but in 
different tissues and systems to better understand how heat affects entire physiology. Heat stress 
is a serious and pressing threat to human and animal health as it results in whole-body injury and 
is currently not well understood resulting in severe morbidity and mortality globally. Heat stress 
will continue to be hazardous until we further investigate ways to mitigate and treat heat-induced 
injury.  
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ABSTRACT 
We have previously established that 24 hours of heat stress causes oxidative stress and have 
implicated mitochondria as likely contributors to this process. Given this, we hypothesized that 
heat stress would lead to increased autophagy/mitophagy and a reduction in mitochondrial 
content. To address this hypothesis pigs were housed in thermoneutral (TN; 20  °C) or heat stress 
(35 °C) conditions for 1- (HS1) or 3- (HS3) days and the red and white portions of the 
semitendinosus collected. We did not detect differences in glycolytic muscle. In oxidative 
muscle, relative protein abundance of nucleation markers PI3Kinase Class III and Beclin-1 were 
increased 5.8 and 5.6-fold (p<0.05) and 4.6 and 3.9 -fold (p<0.05) in HS1 and HS3, compared to 
TN. Elongation factor Atg16L1 was increased 2-fold (p<0.05) in HS1 and HS3 compared to TN. 
LC3A/B-I increased 1.6 -fold in HS1 and HS3 compared to TN (p<0.05). LC3A/B-II was 
increased 4.1-fold in HS1 and 4.8-fold in HS3 relative to TN (p<0.05) and the LC3A/B-II/I ratio 
was increased 3-fold in HS1 and HS3 compared to TN. Despite increased autophagic signaling, 
p62 was increased in HS1 and HS3 compared to TN indicating suppressed flux. Heat stress 
decreased mitophagy markers PINK1 7.0-fold in HS1 (p<0.05) and numerically by 2.4-fold in 
HS3 compared to TN and BNIP3L/NIX by 2.5-fold (p<0.05) in HS1 and HS3. Inhibition of 
autophagic flux was supported by increased mitochondrial content independent of PGC-1α 
signaling. The culmination of these cellular events enables the persistence of damaged 
mitochondria in muscle cells and promotes a dysfunctional intracellular environment. 
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Introduction 
Every homeothermic organism has a set temperature range, known as a thermoneutral 
zone, in which they can adequately maintain an equilibrium of endogenous and exogenous heat 
production and loss (52).  Heat stress occurs when there is a net gain in thermal energy beyond 
the thermoneutral zone (9, 11, 37, 52).  Given recent and predicted environmental changes there 
is a likelihood of additional, recurrent, intense heat events that will ostensibly lead to an 
increased frequency and severity of heat stress (12, 18, 29).  Importantly, heat stress poses a 
pressing and urgent threat to human and animal health and wellbeing as well as agricultural 
economics and food security (9, 11, 17, 29, 32, 50).  Despite these significant health, 
humanitarian, and economic concerns, there are no available remedies to treat heat-mediated 
pathologies aside from hydration and cooling (1, 9, 11, 50).  Moreover, the cellular mechanisms 
by which heat stress-related injuries occur are largely unknown.  Improving our understanding of 
systemic and cellular pathophysiology is necessary in order to develop appropriate prophylactics 
and interventions.   
Pathologic changes cause by heat stress are in stark contrast to events resulting from 
therapeutic hyperthermia where blunted atrophy (48), enhanced regrowth and hypertrophy (49, 
60), and increased insulin sensitivity (16) have been observed following short and acute heat 
exposure.  Further, heat stress also appears to be distinct from physiological changes occurring 
during heat stroke, which generally includes a hyperthermic exposure of less than two hours 
often compounded by exercise (27).   Indeed, studies modeling heat stroke have revealed 
increased AP-1 signaling in skeletal muscle and increased IL-6 transcript and protein expression 
in skeletal muscle and circulation (56, 57).  In contrast, heat stress is commonly caused by 
chronic hyperthermic exposure without a deliberate exercise intervention.  Under these 
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conditions 12 hours of heat stress has been shown to cause suppressed IL-6 protein abundance 
and rely heavily on NF-κB signaling (13).   
Autophagy is an evolutionarily conserved and highly organized process by which 
damaged or misfolded proteins, large protein aggregates, or whole organelles are engulfed by 
autophagosomes and delivered to lysosomes for degradation (54).   Autophagy can be initiated 
by AMPKα activation (Thr172), which can then phosphorylate Unc51-like kinase 1 (ULK1), 
initiating the autophagy pathway via Bcl-2-homology (BH)-3 domain only protein (Beclin-1) 
(22).  The binding of Beclin-1 with PI3 Kinase Class III generates the pre-autophagosomal 
structure and initiates nucleation of an autophagic vesicle (30).  Expansion and sequestration of 
the double-membrane vesicle are regulated by two ubiquitin-like conjugation pathways: the 
autophagy related (Atg) - Atg12/Atg5/Atg16L1 complex and microtubule associated protein 
light chain  (LC3A/B) system (10, 31, 38, 58).  LC3A/B-II also functions as a receptor for 
adaptor proteins including p62/SQSTM1 (47), which localizes to ubiquitinated organelle 
membrane proteins (28).  Since p62 is bound to structures that are engulfed by autophagosomes, 
it is consumed during autophagy (28, 47).  Once fully mature, autophagosomes fuse with 
lysosomes resulting in the degradation and clearance of a host of cellular debris through 
lysosomal proteases (54).  Selective autophagy of dysfunctional mitochondria is largely 
regulated by PTEN induced putative kinase 1 (PINK1) (8, 19) and BCL2/Adenovirus E1B 
19kDa Interacting Protein 3-Like (BNIP3L) (26, 55).   
It appears that increased free radical injury is a conserved response to both heat stroke (6) 
and heat stress (4, 33, 35, 36) in skeletal muscle. Mitochondria both generate and are targets of 
free radicals, closely linking oxidative stress to mitochondrial dysfunction (25).  Increased 
oxidative injury observed during heat stress raises the possibility of mitochondrial dysfunction 
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and resultant mitochondrial inefficacy necessarily causing increased free radical (21, 24, 51) and 
heat production (43).  That heat stress-induced free radical damage and inflammation occur in 
oxidative muscle, but not glycolytic muscle (13, 33), further implicate mitochondria as among 
the first organelles to be damaged when REDOX equilibrium is lost.  Recent evidence has 
demonstrated autophagy is initiated in response to oxidative stress and mitochondrial 
dysfunction (7, 24, 59), serving as a cytoprotective, pro-survival mechanism (20, 45).  Indeed, 
increased autophagic signaling has been previously found in heat stressed germ cells (63) and 
aged rat hepatocytes (39).  Hence, the purpose of this investigation was to determine the extent to 
which heat stress altered autophagic signaling and flux in skeletal muscle. Given the possibility 
of widespread cellular and mitochondrial dysfunction we hypothesized that skeletal muscle cells 
would respond to heat stress by inducing autophagy and mitophagy. 
 
Materials and Methods 
 Animal Treatments.  All procedures were approved by the Institutional Animal Care and 
Use Committee at Iowa State University.  Data from these animals, including a detailed study 
design and animal treatments, have been previously published (33, 40-42). Briefly, to determine 
the extent to which heat stress caused skeletal muscle dysfunction female pigs (35±4 kg; n=5-
6/group) were kept at thermoneutral (TN) conditions (20 ± 1°C; 35-50% relative humidity) or 
subjected to continuous heat stress (35 ± 1°C; 20-35% relative humidity) for 1 day (HS1) or 3 
days (HS3). After the treatment period pigs were sacrificed using the captive bolt technique and 
exsanguinated.  The semitendinosus was collected and divided into red (STR) and white (STW) 
portions and frozen in liquid nitrogen for subsequent analyses.  
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Immunochemistry.  Approximately 50 mg of STR and STW muscle was powdered on 
dry ice using a steel mortar and pestle and then homogenized with a handheld homogenizer in 
1.5 mL of protein extraction buffer (10 mM sodium phosphate, pH 7.0, and 2% SDS).  
Following homogenization, samples were centrifuged at 1500 x g for 15 minutes at 20°C to 
remove cellular debris.  Protein concentration was measured colorimetrically using the BCA 
assay (Pierce® BCA microplate protein assay kit, Pierce, Rockford, IL).  Samples were diluted 
to 4 mg/ml in loading buffer (62.5 mM Tris (pH 6.8), 1.0% SDS, 0.01% bromophenol blue, 
15.0% glycerol, and 5% β-mercaptoethanol) and 10 µL of each sample was loaded into 4-20% 
gradient precast gels (Lonza PAGEr™ Gold Precast Gels). Protein was separated at room 
temperature for 30 minutes at 60 volts followed by 50 minutes at 120 volts and transferred to 
nitrocellulose membranes at 100 volts for 60 minutes at 4°C.  To assure equal loading, 
membranes were stained with Ponceau S and the resultant signal quantified.  All quantification 
of staining was similar for all samples on all membranes.  Ponceau S was removed and 
membranes were blocked in 5% dehydrated milk dissolved in Tris-buffered saline containing 
0.1% Tween 20 (TBST) for 1 hour.  
 Membranes were incubated overnight at 4°C with primary antibody in 5% dehydrated milk 
TBST solution as follows: Adenosine Monophosphate Activated Protein Kinase (AMPKα) (Cell 
Signaling Technology, primary 1:1000, #2532, secondary 1:3000), Phospho-AMPKα (Thr172) 
(CST, primary 1:1000, #2535, secondary 1:3000), Unc51-like kinase 1 (ULK1 ) (CST, primary 
1:1000, #8054, secondary 1:3000), Phospho-ULK1(Ser555) (CST, primary 1:1000, #5869, 
secondary 1:3000), Phosphatidylinositide 3-kinases (PI3K) Class III (CST, primary 1:1000, 
#3358, secondary 1:3000), Beclin-1 (CST, primary 1:1000,  #3495, secondary 1:3000), LC3A/B 
(CST, primary 1:1000, #12741, secondary 1:3000), Atg5 (CST, primary 1:500, #12994, 
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secondary 1:2500), Atg12 (CST, primary 1:750,  #4180, secondary 1:3000), Atg16L1 (CST, 
primary 1:1000,  #8089,  secondary 1:2000), Atg7 (CST, primary 1:1000,  #8558,  secondary 
1:3000), Atg3  (CST, primary 1:1000,  #3415, secondary 1:3000),  PTEN-induced putative 
kinase 1 (PINK1) (CST, primary 1:500,  #6946, secondary 1:2000), BCL2/Adenovirus E1B 
19kDa interacting protein 3-like (Bnip3L/Nix) (CST, primary 1:500,  #312396, secondary 
1:2000), Anti-SQSTM1/p62 (Abcam, primary 1:500,  ab109012,  secondary 1:1000), Mitofusin-
2 (MFN2) (Abcam, primary 1:1000, ab50843, secondary 1:2000), LAMP2 (Abcam, primary 
1:2000, ab101325, secondary 1:2000),  Cathepsin-L (Abcam, primary 1:1000, ab133641, 
secondary 1:2000), (Cytochrome C (CYT C) (CST, primary 1:1000,  #4280, secondary 1:3000), 
Cytochrome c oxidase IV (COX IV) (CST, primary 1:500,  #4850, secondary 1:2000), 
Prohibitins 1 (PHB1), (CST, primary 1:1000,  #2426, secondary 1:2000), Voltage dependent 
anion channel (VDAC), (CST, primary 1:1000,  #4661, secondary 1:3000),  Pyruvate 
dehydrogenase (PDH), (CST, primary 1:1000,  #3205, secondary 1:3000), Succinate 
dehydrogenase (SDHA), (CST, primary 1:1000,  #11998, secondary 1:3000), Heat shock protein 
60 (HSP60), (CST, primary 1:1000, #12165, secondary 1:2000),  total OXPHOS (CIII-
UGCRC2, CIV-MTCO1, CII-SDHB) (Abcam, primary 1:1000,  ab110413, secondary 1:4000),  
Anti-Sir2 (SIRT1) (Millipore, primary 1:1000, #07-131, secondary 1:2000),  Acetyl-Histone H3 
(Lys9) (H3K9) (CST, primary 1:1000,  #9649, secondary 1:3000),  PGC-1 alpha + beta (PGC-
1α), (Abcam, primary 1:500,  ab72230,  secondary 1:1000), Estrogen related-receptor (ERRα) 
(CST, primary 1:1000,  #13826, secondary 1:3000).    
 Membranes were washed three times for ten minutes in TBST and incubated in the 
appropriate secondary antibody in 5% dehydrated milk TBST solution for 1 hour at room 
temperature (as described above). Membranes were washed 3 times for ten minutes in TBST.  
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Proteins were detected by enhanced chemiluminescence and X-ray film, which were later 
scanned, and the blot signal was measured using Carestream software, Rochester, NY.  The 
optical density of each band was determined and values for each sample were normalized to the 
mean of the thermoneutral samples for each blot.  Secondary-only controls were used to rule out 
nonspecific effects of secondary antibodies.  
qPCR.  Powdered muscle was homogenized with TRIzol reagent and hand-held 
homogenizers (Invitrogen; Carlsbad, CA; cat. no 15596), followed by centrifugation and 
extraction with chloroform. RNA was then precipitated from solution with ethanol. Total RNA 
was treated with DNase in order to remove any residual genomic DNA contamination 
(RNaseFree DNase set, Qiagen Inc., Valencia, CA; cat. no 79254) and purified with a spin 
column (RNeasy kit, Qiagen Inc.; cat. no 74106). RNA concentration was then determined with 
a Nanodrop (Thermo Scientific, Waltham, MA, USA) and RNA was then reverse transcribed and 
gene expression was measured through qRT-PCR using SYBR green following the 
manufacturer's instructions  (Qiagen Inc.; cat. no 204056). Transcript abundance of SQSTM1 
(forward: 5’GTGTCCCCTTTCCTGTCTCA 3’; reverse: 5’CACACGTAGAACTCCACCCT 3’) 
was measured with the delta CT method and fold change calculated from the delta delta CTs, 
with 18S rRNA (forward: 5’CTCTAGATAACCTCGGGCCG 3’ reverse: 5’ 
GTCGGGAGTGGGTAATTTGC 3’) as the control gene. Transcript abundance is represented as 
fold change during heat stress relative to thermoneutral.  A no-template control was used to 
verify there was not non-specific amplification and all melting curves were inspected to assure 
single peak.    
 Statistics. Data were analyzed using SAS University Edition (SAS Institute Inc., Cary, 
NC). For analysis of treatment effects, data were analyzed using PROC MIXED, with 
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treatments, TN, HS1, and HS3 as fixed effects. Significance was set at p<0.05.  Data are shown 
as means ± SEM unless otherwise noted. 
 
Results 
Phenotypic Response.  In order to cause heat stress pigs were subjected to 1- or 3-days 
of continuous environmental hyperthermia.  A detailed report of the physiological response to 
this heat intervention has been published previously (40).  In brief, rectal temperature was 
significantly increased from 39.3 °C in TN pigs to 40.8 °C in heat stressed animals.  In addition, 
respiratory rate was increased from 54 breaths per minute in thermoneutral animals to 107 
breaths per minute on average in heat stressed animals (40).   
Markers of autophagosome membrane nucleation and elongation were increased in 
oxidative muscle due to heat stress.  To determine the extent to which heat stress induced 
autophagy in skeletal muscle autophagic signaling was measured after 1- and 3-days of heat 
stress in oxidative and glycolytic skeletal muscle. Autophagy can be initiated via AMPKα 
phosphorylation of Ulk1. In STR we found relative protein abundance of total AMPKα and 
activated AMPKα (Thr172) was similar between groups (Figure 1).  Total ULK1 protein 
abundance was decreased 2.5 and 2.2-fold in HS1 and HS3 compared to TN, however abundance 
of pULK1 (Ser555), was similar between groups. The ratio of pULK1 (Ser555)/total ULK1 was 
increased 2.0-fold following HS compared to TN indicating increased activity.   
Relative protein abundance of PI3 Kinase Class III and Beclin-1 were measured as 
markers of membrane nucleation. Protein abundance of PI3Kinase Class III was increased 5.8- 
and 5.6-fold (p<0.05) in HS1 and HS3 compared to TN (Figure 2).  Beclin-1 was increased 4.6 
and 3.9 -fold (p<0.05) after 1- and 3-days of heat stress compared to TN.  
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Elongation of the nascent autophagosomal membrane is controlled by two ubiquitin-like 
conjugation systems, the Atg12/Atg5/Atg16L1 and LC3 system. (10, 58, 61).  We found protein 
abundance of free Atg5, the Atg12-Atg5 complex, and Atg7 were similar between groups, 
however, Atg16L1 was increased 1.8- and 2.2-fold after 1- and 3-days (p<0.05) of heat stress 
compared to TN (Figure 3).  In the second ubiquitin like pathway involving LC3A/B, the 
conversion of LC3A/B to LC3A/B-I and ultimately to LC3A/B-II is dependent on Atg3 and -7 
(10, 31, 38, 58).  Relative abundance of Atg3 and Atg7 were similar between groups. Relative 
protein abundance of LC3A/B-I increased 1.6-fold (p<0.05) after both 1- and 3-days of heat 
stress (Figure 4).  LC3A/B-II was increased significantly by 4.1-fold and 4.8-fold (p<0.05) 
following 1- and 3-days of heat stress.  
Autophagic flux is decreased in oxidative muscle due to heat stress.  To assess 
autophagic flux we initially measured the relative conversion of LC3A/B-I to -II, which was 
increased by 2.7- and 2.9-fold in HS1 and HS3 compared to TN, respectively (Figure 5). This 
suggests an increase in the rate of autophagosome formation. To further investigate autophagic 
flux we measured relative abundance of p62, a selective autophagy receptor consumed by 
autophagy during lysosomal degradation (28).  P62 protein abundance was not detected in TN, 
though readily detectable in HS1 and HS3 indicating a dramatic increase in p62 accumulation 
and a reduction in autophagic flux.  Because p62 was not detectable in TN, data were normalized 
to HS1.  P62 in HS3 was decreased by 2.2-fold compared to HS1 (p<0.05) (but was still readily 
detectable) (Figure 5).  Additional blots were overexposed to demonstrate p62 was present in 
muscle from TN pigs.  As changes in p62 protein abundance could be due to increased transcript 
abundance we measured transcript abundance of SQSTM1/p62.  We found this was similar 
between TN and HS1 and increased 2.4 fold in HS3 compared to HS1. This suggests that 
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changes in protein abundance following 1- and 3-days of heat stress were due to decreased 
consumption during autophagy (Figure 5), though increased transcript abundance of p62 
following 3-days of heat stress indicates increased production of p62 contributes to total protein 
abundance.  These data indicate that heat stress causes a failure of autophagosome clearance and 
a reduction in autophagic flux.  
  Mitophagy is suppressed in oxidative muscle due to heat stress.  Mitochondrial 
dysfunction has been implicated during heat stress (3, 53) and these dysfunctional mitochondria 
are cleared by mitophagy (2, 15, 55).  To assess mitophagy we measured protein abundance of 
the mitophagy markers PINK1 and BNIP3L, which recruit and localize autophagic machinery to 
dysfunctional mitochondria (55).  Consistent with decreased autophagic flux, relative abundance 
of PINK1 was decreased 7.0-fold following 1-day of heat stress (p<0.05) and numerically by 
2.4-fold following 3-days of heat stress compared to TN.  Comparison of thermoneutral to all 
heat stressed animals demonstrated a significant reduction in protein abundance of PINK1 
(p<0.05).  Additionally, BNIP3L was decreased 2.5-fold (p<0.05) after both 1- and 3- days of 
heat stress (Figure 6).  
Autophagic degradation machinery is increased in oxidative muscle due to heat 
stress.  Autophagosomes fuse with lysosomes to form autophagolysosomes, in part through the 
fusion protein Mitofusin2 (MFN 2), which was increased 1.4 and 1.6-fold following 1 and 3 days 
of heat stress (p<0.05), compared to TN (Figure 7).  Additionally, we found a 3.9-fold (p<0.05) 
and a numerical 2.4-fold increase in relative protein abundance of the lysosomal protease 
Cathepsin-L after 1- and 3-days of heat stress, respectively, compared to TN, and a 3.1-fold 
increase in heat stressed animals compared to TN (Figure 7).  Relative abundance of the 
lysosomal membrane protein LAMP2 was similar between groups (Figure 7).  
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 Heat stress leads to increased mitochondrial content independent of biogenic 
signaling in oxidative muscle.  After finding impaired autophagic flux and mitophagy due to 
heat stress, we hypothesized that there would be increased mitochondrial content, which would 
reflect the accumulation of dysfunctional mitochondria.  We measured protein abundance of 
proteins located in the mitochondrial membrane, matrix, and electron transport chain.  We found 
that relative protein abundance of the inner mitochondrial membrane proteins Cytochrome C, 
SDHA and PHB1, and the outer matrix protein HSP60 were similar between groups (Figure 8).  
However, we found a significant 2.2- and 2.8-fold increase in the inner mitochondrial membrane 
protein COXIV, a 1.9 and 2.1-fold increase in the outer mitochondrial membrane protein VDAC, 
and a 1.5 and 1.6-fold increase in the matrix protein pyruvate dehydrogenase (PDH) in HS1 and 
HS3, respectively, compared to TN (Figure 8).  In addition we measured components of the 
electron transport chain and found a 1.2 and 1.4-fold increase in Complex II Iron-sulfur protein 
(IP) subunit of succinate dehydrogenase (SDHB) in HS1 and HS3 compared to TN and a 1.3-
fold increase in relative abundance of ubiquinol-cytochrome c reductase complex III (UQCRC2) 
when heat stressed animals were compared to thermoneutral (Figure 8).  Cytochrome c oxidase 
subunit 1 (MTCO1) followed a similar pattern as SDHB and UQCRC2, with a 1.7-fold increase 
in relative protein abundance of total heat stressed animals compared to thermoneutral (Figure 
8), however, was similar between groups (Figure 8). These data support our hypothesis that heat 
stress resulted in increased mitochondrial content.   
To determine the extent to which increased generation of new mitochondria could lead to 
increased mitochondrial content we assessed mitochondrial biogenesis.  Relative protein 
abundance of PGC-1α and ERRα were similar between groups (Figure 9).  In addition, the 
upstream PGC-1α activator, SIRT1 was similar between groups as was acetylation status of 
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histone 3, reflective of SIRT1 activity (Figure 9).  These data suggest that increased 
mitochondrial content was independent of PGC-1α signaling and mitochondrial biogenesis.   
Glycolytic muscle appears to be resistant to heat stress.  We also assessed autophagic 
signaling and flux in glycolytic skeletal muscle.  In contrast to oxidative muscle, in glycolytic 
muscle autophagic signaling and flux were similar between groups (Figure 10).  In addition, 
mitochondrial content was similar between groups in STW.  
 
Discussion 
Heat stress poses a threat to human and animal health.  Gaining a mechanistic 
understanding of pathological changes caused by heat stress is a requirement for developing 
effective interventions.  In oxidative skeletal muscle heat stress causes increased free radical 
injury (33-36) and inflammation (13), but not in glycolytic muscle, suggestive of mitochondrial 
dysfunction and metabolic strain in heat stress-mediated pathology.   Given the linkage between 
heat stress and mitochondrial damage we hypothesized that in skeletal muscle heat stress would 
lead to increased autophagic signaling and flux after 1- and 3-days of constant hyperthermic 
exposure.  
AMPK protein abundance and activation were similar between groups.  However, 
downstream ULK1 activation appears to be increased driven by maintenance of phosphorylation, 
despite a reduction in total ULK1 protein abundance.  Increased ULK1 activity stimulates the 
autophagy pathway and provides needed signaling for the initiation of the autophagy machinery 
(22).  Heat stress induced autophagosome nucleation as protein abundance of PI3 Kinase class 
III and Beclin-1 was increased following 1- and 3-days of heat stress. Relative abundance of 
Atg16L1, the limiting component of Atg12/Atg5/Atg16L1-complex formation (10), was 
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increased during heat stress.  Further supporting increased heat stress-mediated autophagic 
signaling was increased LC3A/B-I and LC3A/B-II protein abundance.  Increased LC3A/B-II is 
associated with increased autophagosome formation, a necessary step for autophagosome 
maturation. Collectively, increased autophagosome nucleation, maturation, and formation 
support our hypothesis of heat stress-mediated elevation in autophagy.   
In addition to autophagic signaling we also assessed autophagic flux.  Increased LC3A/B-
II during 1- and 3-days of heat stress supports the notion of increased autophagy signaling, 
whereas our finding of increased conversion of LC3A/B-I to -II indicates increased flux.  
However, we also found a dramatic increase in protein abundance of p62, which is a selective 
autophagy receptor for damaged and tagged proteins (47).  P62 guides the targeting and 
degradation of ubiquitinated outer mitochondrial proteins linking the autophagic machinery 
through interaction with LC3A/B-II (5, 28, 47).  Importantly, p62 is consumed by lysosomal 
degradation following fusion of the autophagosome with the lysosome, hence, accumulation of 
p62 is reflective of suppressed autophagic flux (23).  Collectively, increased LC3A/B-II/I is 
reflective of increased autophagosome formation and increased flux, however, our discovery of 
increased p62 indicates autophagy is stalling prior to lysosomal degradation.  This would be 
predicted to cause accumulation of autophagosomes reflected as increased LC3A/B-II abundance 
as in Figure 4.   
To further investigate heat stress-mediated autophagic dysfunction, we examined 
mitophagy, which is a mechanism responsible for mitochondrial quantity and quality control.  
We measured protein abundance of PINK1, which recruits the E3 ubiquitin ligase Parkin, to the 
mitochondria, selectively providing a signal to induce mitophagy (8, 14, 19).  Additionally, 
BNIP3L has been shown to induce mitophagy and resultant removal of dysfunctional 
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mitochondria (26, 44, 46).  That protein abundance of both PINK1 and BNIP3L were decreased 
indicates mitophagy is suppressed during chronic heat stress, further preventing the clearance of 
damaged mitochondria and raising the possibility of increased mitochondrial content.  Indeed, 
heat stress resulted in increased mitochondrial content independent of changes in biogenic 
signaling.  
To improve our understanding of simultaneously increased autophagic signaling but 
impaired flux we examined the role of lysosomes in this process.  We have recently found 
decreased abundance of MFN2 following 12 hours of heat stress (along with a similar 
uncoupling of autophagic signaling and flux), which may serve to limit autophagosome fusion 
with lysosomes (unpublished observations).  In this investigation this limitation appears to be 
overcome as MFN2 was increased in heat stressed groups potentially serving to increase the rate 
of autophagolysosome formation.  Relative abundance of LAMP2 was similar between groups, 
indicating similar lysosomal content.  However, Cathepsin-L protein abundance was increased 
raising the possibility of elevated proteolytic content and degradative potential.  Our paradoxical 
finding of increased autophagic signaling and decreased flux does not appear to be related to 
lysosomal fusion or content, but may be driven, at least in part, by oxidative stress.  Free radical 
damage can disrupt the autophagy-lysosomal pathway and induce lysosomal permeabilization 
and destabilization (62) serving to impede lysosomal degradation.  Importantly, oxidative stress 
has been repeatedly found in heat stressed skeletal muscle (34-36), including a previous 
publication using these samples (33).   
In total these data indicate heat stress-mediated induction of autophagic signaling, 
however, suppression of autophagic flux.  This uncoupling would potentiate an accumulation of 
autophagosomes.  Autophagic stalling is further compounded by decreased mitophagy.  The 
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combination of suppressed autophagic flux and mitophagy raises the possibility of aberrant 
preservation of dysfunctional mitochondria further contributing to a pathologic intracellular 
environment.  We found previously that 1-day of heat stress resulted in increased oxidative stress 
that was matched by a parallel, though insufficient, antioxidant response.  That both oxidative 
damage and the antioxidant response subsided by 3-days of heat stress indicates the cessation of 
superfluous free radical formation likely caused by a fundamental shift in metabolism (33).  
These changes closely mirror discoveries in this investigation.  First, increased oxidative stress is 
occurring simultaneously with a dramatic reduction in autophagic flux supporting the 
preservation of dysfunctional mitochondria and resultant production of free radicals.  Second, 
following 3-days of heat stress p62 accumulation, while still greater than thermoneutral animals, 
is far less than at 1-day, with an increase in gene expression of SQSTM1 compared to HS1, 
indicating a surge in autophagic flux and a clearance of the autophagosome backlog.  
Speculatively, this clearance of damaged mitochondria may be responsible, at least in part, for 
the reduction in oxidative stress observed at the same time point. Such a mechanism is also 
supported by (numerically) increased PINK1 abundance in HS3 compared to HS1.       
Our results in glycolytic muscle are in good agreement with our previous work 
demonstrating greater resistance to heat stress-induced free radical injury (33) and inflammatory 
signaling (13, 33) than oxidative muscle.  Given the profound changes in oxidative muscle it is 
likely that the mitochondria are critical to heat stress-mediated muscle dysfunction.  
In summary, these data support the conclusion that constant hyperthermic exposure for 1- 
and 3- days induced autophagic signaling in oxidative skeletal muscle, however, this process 
appears to stall as measures of autophagic flux and mitophagy were suppressed. This raises the 
possibility of decreased mitochondrial turnover and the preservation of dysfunctional 
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mitochondria.  In glycolytic muscle the lower mitochondrial content may provide resistance to 
heat stress-mediated pathologies.    
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Figure Legends 
Figure 1.  Heat stress effects autophagic signaling in STR porcine skeletal muscle. 
Following 1- and 3-days of heat stress (HS; 35°C), AMPK(TN = 1.0 ± 0.10, HS1 = 0.90 ± 0.08, 
HS3 = 0.95 ± 0.08), pAMPK(T172) (TN = 1 ± 0.24, HS1 = 1.50 ± 0.58, HS3 = 0.93 ± 0.32), and 
pAMPK/Total (TN = 1.0 ± 0.25, HS1 = 1.67 ± 0.64, HS3 = 0.94 ± 0.35), ULK1 (TN = 1.0 ± 
0.17, HS1 = 0.40 ± 0.13, HS3 = 0.53 ± 0.13), pULK1(ser555) (TN = 1.0 ± 0.16, HS1 = 0.78 ± 
0.09, HS3 = 0.86 ± 0.13) and pULK1/Total (TN = 1.0 ± 0.16, HS1 = 2.27 ±  0.56, HS3 = 1.67 ±  
0.31) (A) protein abundance was measured using western blot for TN and HS. B) Representative 
blots are included. Ponceau S stain (PonS) was used as a loading control. Values represent the 
mean ± SE for 4 to 6 gilts in each group. * indicates significantly different from TN (p<0.05).  
TN - thermoneutral, HS - heat stress. 
 
Figure 2.  Heat stress drives autophagic membrane nucleation in STR porcine skeletal 
muscle.  Following 1- and 3-days of heat stress (HS; 35°C), PI3K Class III (TN = 1.0 ± 0.56, 
HS1 = 5.76 ± 1.06, HS3 = 5.56 ± 1.25) and Beclin-1 (TN = 1.0 ± 0.50, HS1 = 4.59 ± 0.62, HS3 
= 3.90 ± 1.05)  (A) protein abundance was measured using western blot for TN and HS. B) 
Representative blots are included. Ponceau S stain (PonS) was used as a loading control. Values 
represent the mean ± SE for 4 to 6 gilts in each group. * indicates significantly different from TN 
(p<0.05).  
TN - thermoneutral, HS - heat stress.   
    
Figure 3. Heat stress impacts phagopore formation in STR porcine skeletal muscle. 
Following 1- and 3-days of heat stress (HS; 35°C) relative protein abundance was measured for 
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(A) Atg5 (TN = 1.0 ± 0.32, HS1 = 1.16 ± 0.23, HS3 = 1.39 ± 0.17), Atg12-5 complex (TN = 1.0 
± 0.24, HS1 = 1.48 ± 0.29, HS3 = 1.41 ± 0.20), Atg7 (TN = 1.0 ± 0.33, HS1 = 1.17 ± 0.17, HS3 
= 0.95 ± 0.12), and Atg16L1 (TN = 1.0 ± 0.24, HS1 = 1.77 ± 0.15, HS3 = 2.19 ± 0.18).  B) 
Representative blots are included.  Ponceau S stain (PonS) was used as a loading control. Values 
represent the mean ± SE for 4 to 6 gilts in each group. * indicates significantly different from TN 
(p<0.05. TN - thermoneutral, HS - heat stress. 
 
Figure 4. Heat stress alters autophagosome sequestration after 1- and 3-days in STR 
porcine skeletal muscle. Effects of thermoneutral conditions (TN; 21°C) or 1- and 3-days of 
heat stress (HS; 35°C) on (A) protein abundance of Atg3 (TN = 1.0 ± 0.51, HS1 = 1.17 ± 0.24, 
HS3 = 1.52 ± 0.36), LC3A/B-I (TN = 1.0 ± 0.16, HS1 = 1.56 ± 0.11, HS3 = 1.62 ± 0.20), and 
LC3A/B-II (TN = 1.0 ± 0.23, HS1 = 4.13 ± 0.81, HS3 = 4.88 ± 1.25). B) Representative blots are 
included.  Ponceau S stain (PonS) was used as a loading control. Values represent the mean ± SE 
for 4 to 6 gilts in each group. * indicates significantly different from TN (p<0.05).  TN - 
thermoneutral, HS - heat stress. 
 
Figure 5. Heat stress effects autophagic flux after 1- and 3-days in STR porcine skeletal 
muscle. Effects of thermoneutral conditions (TN; 21°C) or 1- and 3-days of heat stress (HS; 
35°C) on protein abundance of (A) LC3A/B II to I ratio (TN = 1.0 ± 0.16, HS1 = 2.69 ± 0.48, 
HS3 = 2.91 ± 0.63) and B) p62 protein abundance (TN = 0, HS1 = 1.0 ± 0.16, HS3 = 0.46 ± 
0.12). C) Fold change of SQSTM1 gene expression. Protein abundance was made relative to 
HS1.  18s was used during analysis of gene expression as a control to identify fold changes. D) 
Representative blots are included. Ponceau S stain (PonS) was used as a loading control. Values 
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represent the mean ± SE for 4 to 6 gilts in each group. * indicates significantly different from TN 
(p<0.05); # indicates significantly different from HS1 (p<0.05). TN - thermoneutral, HS - heat 
stress. 
 
Figure 6. Effects of 1- and 3-days of heat stress on mitophagy in STR porcine skeletal 
muscle. Effects of thermoneutral conditions (TN; 21°C) or 1- and 3-days of heat stress (HS; 
35°C) on protein abundance of (A) PINK1 ( TN = 1.0 ± 0.36, HS1 = 0.14 ± 0.07, HS3 = 0.42 ± 
0.02) and BNIP3L (TN = 1.0 ± 0.20, HS1 = 0.39 ± 0.16, HS3 = 0.40 ± 0.08). B) Representative 
blots are included. Ponceau S stain (PonS) was used as a loading control. Values represent the 
mean ± SE for 4 to 6 gilts in each group. * indicates significantly different from TN (p<0.05). 
TN - thermoneutral, HS - heat stress. 
 
Figure 7. Effects of 1- and 3-days of heat stress on autophagy clearance in STR porcine 
skeletal muscle. Following 1- and 3-days of heat stress (HS; 35°C) (A) relative protein 
abundance of markers of autophagy clearance MFN2 (TN = 1.0 ± 0.11, HS1 = 1.56 ± 0.13, HS3 
= 1.61 ± 0.09), Cathepsin-L (TN = 1.0 ± 0.45, HS1 = 3.97 ± 0.98, HS3 = 2.43 ± 0.46), and 
LAMP2 (TN = 1.0 ± 0.10, HS1 = 1.00 ± 0.04, HS3 = 1.08 ± 0.11) were measured by western 
blot relative to thermoneutral (TN; 21°C). B) Representative blots are included. Ponceau S stain 
(PonS) was used as a loading control. Values are mean ± SE; n=4 to 6 per group. * indicates 
significantly different from TN (p<0.05. TN - thermoneutral, HS - heat stress. 
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Figure 8. Heat stress alters mitochondrial content following 1- and 3-days of heat stress in 
STR porcine skeletal muscle. Following 1- and 3-days of heat stress (HS; 35°C) relative protein 
abundance was measured for markers of mitochondrial content CYT C (TN=1.0 ± 0.07, HS1 = 
0.84 ± 0.11, HS3 = 1.05 ± 0.14), COXIV (TN = 1.0 ± 0.34, HS1 = 2.22 ± 0.39, HS3 = 2.88 ± 
0.25) Phb1 (TN = 1.0 ± 0.14, HS1 = 1.21 ± 0.24, HS3 = 1.31 ± 0.18) VDAC (TN = 1.0 ± 0.23, 
HS1 = 1.94 ± 0.25, HS3 = 2.09 ± 0.32) PDH (TN = 1.0 ± 0.13, HS1 = 1.49 ± 0.11, HS3 = 1.59 ± 
0.15) SDHA (TN = 1.0 ± 0.02, HS1 = 0.93 ± 0.06, HS3 = 1.07 ± 0.05) Hsp60 (TN = 1.0 ± 0.08, 
HS1 = 1.17 ± 0.09, HS3 = 1.18 ± 0.09)  (A, B) and energy metabolism CIII UQCRC2 (TN = 1.0 
± 0.08, HS1 = 1.31 ± 0.08, HS3 = 1.25 ± 0.11) CIV MTCO1 (TN = 1.0 ± 0.20, HS1 = 1.69 ± 
0.21, HS3 = 1.70 ± 0.31) and CII SDHB (TN = 1.0 ± 0.08, HS1 = 1.24 ± 0.06, HS3 = 1.40 ± 
0.08) (C, D). Ponceau S stain (PonS) was used as a loading control. Values represent the mean ± 
SE for 4 to 6 gilts in each group. * indicates significantly different from TN (p<0.05). TN - 
thermoneutral, HS - heat stress. 
 
Figure 9. Effects of 1- and 3-days of heat stress on mitochondrial biogenesis in STR porcine 
skeletal muscle. Following 1- and 3-days of heat stress (HS; 35°C) relative protein abundance 
was measured for (A) markers of mitochondrial biogenesis SIRT1 (TN = 1.00 ± 0.10, HS1 = 
0.81 ± 0.12, HS3 = 0.86 ± 0.12), H3K9 (TN = 1.00 ± 0.06, HS1 = 1.00 ± 0.03, HS3 = 1.13 ± 
0.09), PGC-1α (TN = 1.00 ± 0.04, HS1 = 1.01 ± 0.11, HS3 = 0.91 ± 0.09), and ERRα (TN = 1.00 
± 0.20, HS1 = 1.70 ± 0.34, HS3 = 1.58 ± 0.12).  B) Representative blots are included. Ponceau S 
stain (PonS) was used as a loading control. Values represent the mean ± SE for 4 to 6 gilts in 
each group. * indicates significantly different from TN (p<0.05). TN - thermoneutral, HS - heat 
stress. 
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Figure 10. Effects of thermoneutral conditions or 1- and 3-days of heat stress in STW 
glycolytic muscle. Following 1- and 3-days of heat stress (HS; 35°C) relative protein abundance 
was measured for autophagy signaling PI3K III (TN = 1.0 ±  0.24, HS1 = 0.78 ±  0.15, HS3 = 
0.83 ±  0.08), Beclin-1 (TN = 1.0 ±  0.27, HS1 = 0.75 ±  0.10, HS3 = 0.75 ±  0.17), Atg5 (TN = 
1.0 ±  0.15, HS1 = 1.11 ±  0.20, HS3 = 0.87 ±  0.33), Atg12-5 complex (TN = 1.0 ±  0.46, HS1 = 
0.93 ±  0.17, HS3 = 0.97 ±  0.22), Atg7 (TN = 1.0 ±  0.53, HS1 = 1.67 ±  0.40, HS3 = 0.81 ±  
0.13), Atg16L1 (TN = 1.0 ±  0.38, HS1 = 1.45 ±  0.15, Hs3 = 0.81 ±  0.30), LC3 A/B (TN = 1.0 
±  0.25, HS1 = 1.24 ±  0.12, HS3 = 1.46 ±  0.14), LC3 A/B II (TN = 1.0 ±  0.60, HS1 = 1.37 ±  
0.34, HS3 = 1.52 ±  0.33) (A, B), autophagy flux LC3 A/B II/I ratio (TN = 1.0 ±  0.57, HS1 = 
1.39 ±  0.34, HS3 = 1.51 ±  0.42), p62 (TN = 1.0 ±  0.64, HS1 = 2.09 ±  0.34, HS3 = 1.49 ±  
0.45), BNIP3L (TN = 1.0 ±  0.18, HS1 = 0.98 ±  0.13, HS3 = 0.85 ±  0.23) (C, D), and markers 
of mitochondrial content SDHA (TN = 1.0 ± 0.12, HS1 = 0.95 ± 0.06, HS3 = 1.03 ± 0.09), 
VDAC (TN = 1.0 ± 0.41, HS1 = 1.36 ± 0.17, HS3 = 1.61 ± 0.24), PDH (TN = 1.0 ± 0.22, HS1 = 
1.23 ± 0.06, HS3 = 0.95 ± 0.08)  (E, F). Values represent the mean ± SE for 4 to 6 gilts in each 
group. Ponceau S stain (PonS) was used as a loading control. * indicates significantly different 
from TN (p<0.05). TN - thermoneutral, HS - heat stress. 
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Chapter 2 Figures 
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Figure 1.  Heat stress effects autophagic signaling 
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Figure 2.  Heat stress drives autophagic membrane nucleation. 
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Figure 3. Heat stress impacts phagopore formation. 
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Figure 4. Heat stress alters autophagosome sequestration after 1- and 3-days. 
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Figure 5. Heat stress effects autophagic flux after 1- and 3-days. 
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Figure 6. Effects of 1- and 3-days of heat stress on mitophagy. 
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Figure 7. Effects of 1- and 3-days of heat stress on autophagy clearance. 
Mitofusin2 LAMP2 
Cathepsin-­‐L 
PonS 
TN	  	  	  	  	  	  HS1	  	  	  	  	  HS3 
 
 
75 
 
A.  
 
 
 
 
 
 
 
 
B.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
76 
C.  
 
 
 
 
 
 
 
 
 
 
 
D.  
 
 
 
 
  
 
 
 
Figure 8. Heat stress alters mitochondrial content following 1- and 3-days of heat stress in 
porcine skeletal muscle.  
 
 
77 
 
A.  
 
 
 
 
 
 
 
 
B.  
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Effects of 1- and 3-days of heat stress on mitochondrial biogenesis. 
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Figure 10. Effects of thermoneutral conditions or 1- and 3-days of heat stress in STW 
glycolytic muscle. 
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ABSTRACT 
Heat stress has been shown to negatively impact humans and animals by inducing organ-
specific damage and impaired growth across species. However, the intracellular changes by 
which heat-induced injury occur are poorly understood and require further investigation. We 
hypothesized that 6 hours of heat stress would cause compromised mitochondrial function and 
metabolic efficiency and lead to increased autophagy/mitophagy. To address this hypothesis 24 
male mice were house in thermoneutral conditions (TN; 24 °C) or exposed to heat stress (HS; 37 
°C) for 6 hours. This heating intervention increased core temperature from 35.7 °C in TN to 37 
°C in HS producing a mild heat stress. Following the treatment, animals were euthanized and the 
soleus and oxidative portion of the gastrocnemius were collected and divided for analyses. We 
found that mitochondrial function, substrate selection, and ROS production were similar between 
groups. As mitochondrial health could be maintained by increased clearance via autophagy we 
measured markers of autophagic signaling and flux, which were similar between HS and TN 
groups.  These data demonstrate that 6 hours of mild heat stress was not sufficient to induce 
mitochondrial dysfunction or widespread cellular injury.  
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Introduction 
Heat stress occurs when an animal experiences temperatures outside of the thermoneutral 
zone, causing morbidity and mortality in both humans and animals and reduced performance in 
livestock (8, 14, 40). As temperatures continue to rise due to climate change (10), increased 
frequency of extreme heat events are likely to occur, and it is predicted that future health 
complications due to heat will increase (15, 21). Severe heat events have occurred in Europe, 
Russia, the United States, Australia, Japan, India and Pakistan in the recent past, and have 
contributed to heat related injuries (21, 35). Despite these significant negative effects of heat 
stress, little is known about the cellular and molecular mechanisms by which heat stress-related 
injury occurs. Gaining a mechanistic understanding of heat stress-mediated pathology is critical 
in order to develop effective therapeutic interventions. The urgency of this knowledge is 
underscored by predicted elevations in global temperatures concomitant with population 
expansion in tropical zones thus providing greater opportunities for heat stress (10, 20, 33, 52). 
To address this critical need we have been working to elucidate pathologic changes 
caused by heat stress in skeletal muscle. Of interest, brief hyperthermic exposure has been shown 
to attenuate oxidative damage, blunt atrophy (48), enhance regrowth and hypertrophy (49) and 
increase insulin sensitivity (18) in skeletal muscle. Heat stress also appears distinct from 
physiologic changes occurring during heat stroke, which often combines hyperthermic exposure 
of less than two hours (17) with a deliberate exercise component. Under these conditions 
increased AP-1 signaling in skeletal muscle and upregulated IL-6 protein abundance in both 
circulation and skeletal muscle are cornerstones of the response (56, 57). Heat stress, in contrast, 
results from longer-term hyperthermic exposure, and generally results in the suppression of AP-1 
signaling and IL-6 protein abundance (16). 
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Previous work investigating the cellular and molecular effects of heat stress have 
revealed heat stress-induced morphological changes to mitochondria, including complexes I and 
II of the electron transport chain, likely disrupting mitochondrial function and oxidative 
phosphorylation (19, 26, 27). Moreover, heat stress-induced damage to mitochondrial respiratory 
function causes oxidative stress through increased ROS production (27) which was found in 
mitochondria isolated from heat stressed rats after 2 and 24 hours suggesting decreased 
mitochondrial efficiency, which necessarily results in increased heat production (19). Increased 
oxidative injury was also detected following both 12 (unpublished observations) and 24 hours 
(36) of heat stress in oxidative but not glycolytic muscle further implicating mitochondrial 
dysfunction in heat stress mediated pathology. The mitochondria are also among the initial 
compartments to be targeted by free radicals contributing to disrupted mitochondrial energetic 
metabolism observed during heat stress (12). In avian skeletal muscle metabolic oxidative 
capacity was negatively affected by heat stress as fatty acid oxidation and citrate synthase 
enzyme activities were decreased (1).  In addition, heat stress altered the metabolic environment 
by decreasing circulating fatty acids and increasing circulating insulin, leading to a heat stress-
induced shift in post absorptive metabolism in favor of carbohydrates for ATP production (2, 47, 
54).  These findings further suggest mitochondrial integrity is altered during heat stress, 
providing further justification for investigating the effects of heat stress on mitochondrial 
function.  
In order to remove damaged mitochondria, cells employ the autophagy-lysosomal 
pathway, a cellular recycling mechanism in which double membrane vesicles engulf and degrade 
damaged or misfolded proteins, large protein aggregates, or whole organelles through lysosomal 
proteases (34, 60). Autophagy has been demonstrated to be induced in response to oxidative 
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stress, mitochondrial dysfunction, and recently in heat stressed germ cells, likely initiated as a 
cytoprotective, prosurvival mechanism (9, 28).  Upon activation, Bcl-2-homology (BH)-3 
domain only protein (Beclin-1) and phosphoinositide 2-kinase (PI3K) Class III interact and 
initiate nucleation of a double membrane autophagic vesicle.  Two ubiquitin-like conjugation 
pathways involving the autophagy related (Atg)-5/Atg12/Atg16L1 complex and microtubule 
associated protein light chain (LC3A/B) system (13, 34, 41, 58) control expansion and 
sequestration of the nascent autophagosomal membrane, which are then delivered to lysosomes 
for degradation (13, 34, 41, 58). The selective removal of damaged mitochondria involves the 
localization of adaptor proteins including p62/SQSTM1,(31, 46) and the mitophagy proteins 
PTEN induced putative kinase 1 (PINK1) (7, 25) and BCL2/Adenovirus E1B 19kDa Interacting 
Protein 3-Like (BNIP3L) (29, 55) which are effectively responsible for the recruitment of the 
autophagy machinery to dysfunctional mitochondria.  
Previous work from our lab examined oxidative muscle after 12 and 24 hours of heat 
stress and discovered increased autophagic signaling (unpublished observations) and oxidative 
stress (36). Increased mitochondrial content, and subsequent shifts in metabolism was also found 
in oxidative muscle after 12 and 24 hours of heat stress (6, 36, 42, 43) without significant 
increases in biogenic signaling. Compromised mitochondrial function and metabolic efficiency 
would necessarily cause changes in skeletal muscle physiology due to heat stress. We have 
previously investigated the effects of 12, 24, and 72 hours of heat stress and short term heat 
stress (2, 4, and 6 hours) in porcine skeletal muscle and identified 6 hours of heat stress as an 
initial time point of heat stress induced changes.   The aim of the current investigation was to 
determine the extent to which 6 hours of heat stress in mice mediated changes in mitochondrial 
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respiration and metabolism and altered autophagic signaling and flux in oxidative skeletal 
muscle.   
 
Materials and Methods 
Animal treatments. All procedures were reviewed and approved independently by the 
Iowa State University and Virginia Tech Institutional Animal Care and Use Committees. Twenty 
four, five-month old, male mice (28.7 ± 0.4 g) were randomly allocated to one of two treatment 
groups matched by body weight, (1) thermal neutral (TN; 24° C, 40% humidity, n=12); (2) heat 
stress conditions (HS; 37° C, 70% humidity, n=12). Mice were subjected to heat stress or kept at 
TN for 6 hours. Temperature and humidity were monitored continuously and recorded every 15 
minutes. Rectal temperature, weight, and feed intake were recorded before and upon completion 
of the experiment, and animals were sacrificed with carbon dioxide after the treatment. 
Following euthanasia, the soleus and red portion of the gastrocnemius were collected from both 
hind limbs, combined, and distributed into three aliquots of mixed muscle.  Approximately, 20 
mg of muscle was frozen in liquid nitrogen for subsequent biochemical analyses. Approximately 
200 mg of mixed muscle was then used to isolate mitochondria and measure mitochondrial 
function and reactive oxygen species production and remaining tissue was used to analyze 
metabolic function. 
Isolation of mitochondria from red muscle.  Mitochondria from the soleus and 
oxidative portion of the gastrocnemius were isolated as previously described (3).  Briefly, once 
the tissues were removed they were immediately placed in Isolation Buffer for Mitochondria 1 
on ice (IBM-1) (67mM sucrose, 50 mM Tris-HCl, 50 mM KCl, 10 mM EDTA, 0.2% BSA, pH 
8.0). Muscle tissue was then placed into a drop of IBM-1 on a pre-chilled cutting board and 
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minced with razor blades for 2 minutes, changing the blades every 40 seconds. Once minced, the 
tissue was transferred to a beaker containing IBM-1, and poured over a nylon mesh used as a cell 
strainer to separate the tissue. The tissue was then transferred to a conical tube containing 4 mL 
IBM-1, and then 1 mL of trypsin was added to the IBM-1 and the solution was incubated on ice 
for 30 minutes. Following incubation the tissue was centrifuged at 200 x g for 3 minutes and a 
pellet of tissue was obtained. The pellet was then re-suspended in 3 mL of cold IBM-1 and 
transferred into a 45 mL pre-chilled homogenizing tube. The tissue was then homogenized on ice 
with a motor driven tissue homogenizer at 80 rpm for 10 passes with 2 second holds on the 
bottom of each pass. Following homogenization, mitochondria were isolated from tissue by 
centrifugation at 700 g for 10 minutes at 4 °C, and re-suspended in IBM-2 on ice (200 mM 
mannitol, 70 mM sucrose, 5 mM EGTA, 10 mM tris-HCl, pH 7.4). Mitochondria were then re-
suspended in 25 mL of IBM-2 on ice, and a BCA assay was performed to determine 
concentration of the mitochondrial fraction from each individual animal.  
Mitochondrial function. Mitochondrial function was assessed by directly measuring the 
oxygen consumption rate in isolated mitochondria of muscle cells using the Seahorse XF Cell 
Mito Stress Test Kit (Seahorse Bioscience, North Billerica, MA). A detailed description of the 
protocol has previously been published (4). Briefly, the Seahorse respirometric assay cartridge 
was hydrated the night before the experiment in 1 ml Seahorse Bioscience XF24 calibration 
solution. The day of the experiment, the calibration solution was removed and an assay medium 
(1 mM pyruvate, 2 mM glutamine, and 10 mM glucose) was heated to 37°C and loaded into the 
seahorse cartridges. Following preparation, the compounds ADP, oligomycin, FCCP, and 
rotenone/antimycin A, were loaded into the sensor cartridges. Mitochondria were diluted to 1 
mg/mL and suspended in both the pyruvate/malate 10 mM/5 mM substrate mix allowing us to 
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measure the function of complex I and the succinate/rotenone 10 mM/2 µM substrate mix, in 
which complex II oxidation was measured. The diluted mitochondrial protein was then added to 
each well of the plate. The oxygen consumption rate of each sample was then recorded.  
The compounds added to the assay are modulators of respiration that target specific 
elements of the electron transport chain. Initially, ADP is injected into the sensor cartridges and 
demonstrates maximal coupled respiration. Next, oligomycin is injected, which inhibits ATP 
synthase (complex V), leading to decreased oxygen consumption rate (OCR) limited to 
respiration due to proton leak. Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) 
uncouples the proton gradient and disrupts the mitochondrial membrane potential, allowing 
electrons to freely flow through the ETC. This uncoupling serves to imitate an energy demand in 
the cell and stimulates complex V to maximally consume oxygen, leading to rapid oxidation of 
substrates. The final injection composed of rotenone and antimycin A inhibit complexes I and 
III, shutting down mitochondrial respiration in order to determine non-mitochondrial oxygen 
consumption (4). 
ROS measures in isolated mitochondria.  The Amplex Red Hydrogen 
Peroxide/Peroxidase assay Kit was used to measure ROS production from complexes I and III 
and reverse electron flow. Following mitochondrial isolation and protein quantification, 5 µg of 
mitochondria were plated in each well on a 96 well plate and supplemented with sucrose/ 
mannitol solution to maintain mitochondrial integrity. Three different assays were loaded into 
separate wells on the plate containing (A) 20 mM pyruvate / 10 mM Malate/ 2 µM Oligomycin / 
200nM Rotenone in order to measure complex I,  (B) 20 mM pyruvate / 10 mM Malate/ 2 µM 
Oligomycin / 400 U/mL SOD / 2 µM Antimycin A to measure complex III, (C) 20 mM pyruvate 
/ 10 mM Malate / 20mM succinic acid / 2 µM oligomycin for reverse electron flow to complex I. 
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Following the addition of the assays, 50 µL Amplex Red working solution was then added to the 
plate and ROS levels were determined on a microplate reader (Biotek synergy 2, Winooski, VT) 
based on the  fluorescence of Amplex red with a 530nm excitation filter and a 560nm emission 
filter. 
Energy homeostasis and substrate utilization. The remaining muscle samples were 
used to analyze energy homeostasis as has been described previously (61).  Briefly, tissue 
samples were diluted 1:20 (weight: volume) in a buffer composed of 0.25 M sucrose, 1 mM 
EDTA, 0.01 M Tris-Cl and 2 mM ATP, pH 7.4. The samples were then minced 200 times and 
transferred to a 2 ml glass homogenizing tube. Samples were then homogenized on ice with a 
Polytron homogenizer and Teflon glass pestle at r.p.m 300 for 30 seconds, followed by 30 
seconds on ice, and continued alternating for a total of 12 minutes.  Fatty acid oxidation of [1-
14C] palmitic acid was assessed by measuring 14CO2 production and 14C-labeled acid-soluble 
metabolites (61).  To measure pyruvate dehydrogenase activity, tissues were collected and 
prepared similarly to above, and pyruvate oxidation was assessed by 
measuring 14CO2 production from the oxidation of [1-14C] pyruvate (61). Metabolic flexibility 
was determined by measuring [1-14C] pyruvate oxidation in the presence or absence of 100mM 
palmitate, a free fatty acid. Flexibility was determined by the percentage decrease in pyruvate 
oxidation with increasing free fatty acids (61).  
Immunochemistry. Protein was isolated from approximately 10 mg of muscle, which 
was powdered on dry ice and homogenized using a handheld homogenizer in 200 uL of protein 
extraction buffer (10 mM sodium phosphate, pH 7.0, and 2% SDS). Following homogenization, 
samples were centrifuged at 1,000 x g for 15 min at 20 °C and the supernatant was collected. 
Protein concentration was determined using a BCA kit (Pierce® BCA microplate protein assay 
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kit, Pierce, Rockford, IL). Whole homogenate protein was then used for measurement of relative 
protein abundance using a Western blot approach as we have described previously.   
Briefly, homogenates were diluted to 2.4 mg/ml in loading buffer (62.5 mM Tris (pH 
6.8), 1.0% SDS, 0.01% bromophenol blue, 15.0% glycerol, and 5% β-mercaptoethanol) and 12 
µL of each sample was loaded into 4-20% gradient precast gels (Biorad). Proteins were then 
separated at room temperature for 30 minutes at 60 volts followed by 50 minutes at 120 volts. 
Proteins were then transferred to nitrocellulose membranes at 100 volts for 60 minutes, and were 
stained with Ponceau S and the resultant signal quantified to assure equal loading membranes. 
Ponceau S was removed and membranes were blocked in 5% milk in Tris-buffered saline 
containing 0.2% Tween 20 (TTBS) for 1 hour.  
 Membranes were incubated overnight at 4°C with primary antibody in 5% dehydrated milk 
TBST solution as follows: Phosphatidylinositide 3-kinases (PI3K) Class III (CST, primary 
1:1000, #3358, secondary 1:3000), Beclin-1 (CST, primary 1:1000,  #3495, secondary 1:3000), 
LC3A/B (CST, primary 1:1000, #12741, secondary 1:3000), Atg5 (CST, primary 1:500, #12994, 
secondary 1:2500), Atg12 (CST, primary 1:750,  #4180, secondary 1:3000), Atg16L1 (CST, 
primary 1:1000,  #8089,  secondary 1:2000), Atg7 (CST, primary 1:1000,  #8558,  secondary 
1:3000), Atg3  (CST, primary 1:1000,  #3415, secondary 1:3000),  PTEN-induced putative 
kinase 1 (PINK1) (CST, primary 1:500,  #6946, secondary 1:2000), BCL2/Adenovirus E1B 
19kDa interacting protein 3-like (Bnip3L/Nix) (CST, primary 1:500,  #312396, secondary 
1:2000), Anti-SQSTM1/p62 (Abcam, primary 1:500,  ab109012,  secondary 1:1000), Mitofusin-
2 (MFN2) (Abcam, primary 1:1000, ab50843, secondary 1:2000), LAMP2 (Abcam, primary 
1:2000, ab101325, secondary 1:2000),  Cathepsin-L (Abcam, primary 1:1000, ab133641, 
secondary 1:2000.   
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 Membranes were washed three times for ten minutes in TBST and incubated in species-
specific secondary antibody in 5% dehydrated milk TBST solution for 1 hour at room 
temperature (as described above). Following three washes in TTBS, proteins were detected by 
enhanced chemiluminescence detection substrate (ECL plus) and X-ray film. The optical density 
of each band was measured using Carestream software, Rochester, NY, and values for each 
sample were normalized to the mean of the thermoneutral samples.  Secondary-only controls 
were used to rule out nonspecific effects of secondary antibodies 
 Statistics. Data were compared using unpaired two-tailed T-Test, with n=12 for TN 
animals and n=12 for HS animals. Significance was set at p< 0.05.  Data are shown as means ± 
SEM unless otherwise noted. 
 
Results 
Phenotypic response. In order to cause heat stress mice were subjected to 6 hours of continuous 
environmental hyperthermia. Post treatment rectal temperatures were significantly increased 
from 35.7 °C in TN mice to 37.0 °C in heat stressed animals (Figure 1A).  During the treatment 
mice were given ad libitum access to a hydrogel as a water source. Heat stressed animals 
consumed 2.5-fold more hydrogel than TN animals (Figure 1B). In addition, our subjective 
evaluation noted heat stressed animals were lethargic and localized to the hydrogels without 
much movement, while the TN mice were continuously active during the entire 6 hour period 
and did not preferentially localize to the hydrogel.  Body weight did not change from the time the 
mice arrived at the Virginia Tech facility to right before the treatment (Figure 1C). However 
thermoneutral animals lost significantly more weight (1.7 grams) during the environmental 
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treatment compared to heat stress animals (1.0 grams) likely due to increased water consumption 
in heat stressed animals (Figure 1D).  
 
Mitochondrial respiration. Mitochondrial respiration and key parameters of mitochondrial 
function were measured in oxidative skeletal muscle of heat stressed mice by calculating the 
oxygen consumption rate (OCR) in the presence of modulators of specific components of the 
ETC (Figures 2 and 3). Initially the pyruvate/malate assay was performed, which allows for the 
assessment of Complex I mediated respiration (Figure 2). This was followed by the 
succinate/rotenone assay, which allows us to assess mitochondrial respiratory flux through 
Complex II of the ETC as rotenone inhibits complex I and succinate supplies electrons to 
Complex II through the reduction of flavin adenine dinucleotide (FADH2). Basal oxygen 
consumption rate (state 2), was initially measured and was similar between groups. Following 
the injection of ADP, maximal coupled respiration, (State 3) was also similar between groups. 
Oligomycin was then injected, which inhibits ATP synthase (complex V) of the ETC, allowing 
us to measure mitochondrial respiration associated with cellular ATP production and proton leak. 
ATP production (State 4o) was not affected by 6 hours of heat stress. After injection of FCCP we 
measured maximal uncoupled respiration, or State 3u, which was similar between the 
thermoneutral and heat stressed groups. FCCP uncouples oxidative phosphorylation from the 
electron transport chain, allowing the continued transport of electrons, with little ATP produced. 
Lastly, Antimycin A was injected allowing us to measurement non-mitochondrial respiration as 
oxidative respiration was inhibited via complexes I and III. Non mitochondrial respiration was 
not changed due to 6 hours of heat stress.  
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We also calculated spare respiratory capacity, which is the difference between basal and 
maximal respiration and is a measure of a cell’s ability to adapt to increasing energy demands 
(3). Lastly we calculated ATP-linked respiration by subtracting basal oxygen consumption from 
proton leak. Spare respiratory capacity and ATP-linked respiration were unchanged due to heat 
in the pyruvate/malate assay (Figure 2).  States 2, 3, 4o, 3u, non mitochondrial respiration, spare 
respiratory capacity and ATP-linked respiration were also similar between HS and TN groups in 
the succinate/rotenone assay (Figures 3).  
 
Fatty acid oxidation and metabolic flexibility. To observe the effects of heat stress on fatty 
acid (FA) oxidation, CO2 production and acid soluble metabolite (ASM) production was 
measured from the oxidation of palmitic acid, which was similar between groups (Figure 4A and 
4B). Further, to evaluate total palmitate oxidation, CO2 and ASM production was combined, 
however was similar between groups (Figure 4C). Fatty acid oxidation efficiency was also 
measured by assessing the ratio of CO2 /ASM production, which was similar between groups 
(Figure 4D).  
In order to examine metabolic flexibility we initially measured pyruvate oxidation rates 
in the presence and absence of fatty acids, which was similar in both groups following 6 hours of 
heat stress (Figure 5A and 5B). Metabolic flexibility, which is represented by a percentage 
change in pyruvate dehydrogenase activity in the presence of free fatty acids, was numerically 
decreased in the heat stress groups. This suggests a reduced ability to switch to fatty acid 
oxidation based on the nutritional status of the cellular environment (Figure 5C). However the 
difference was not statistically significant.  
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Oxidative stress and ROS production. To determine the redox status in oxidative muscle after 
6 hours of heat stressed we measured ROS production by analyzing the rate of fluorescent signal 
change, representative of hydrogen peroxide content. Hydrogen peroxide content was measured 
in three different assays buffers, to measure ROS production from complexes I (solution A) and 
III (solution B) and reverse electron flow (solution C). ROS production was similar between the 
groups for all conditions  (Figure 6A). 
 
Autophagy signaling. In order to determine if our results from the mitochondrial data resulted 
from insufficient heating, or if there might actually be damage but mitochondrial function is 
preserved through the efficient removal of dysfunctional mitochondria we investigated the extent 
to which 6 hours of heat stress altered autophagic signaling in oxidative skeletal muscle. Relative 
protein abundance of markers of membrane nucleation PI3 Kinase Class III and Beclin-1 were 
similar between groups (Figure 7A). Autophagosome elongation is controlled by two ubiquitin-
like conjugation pathways, the Atg12/Atg5/Atg16L1 and LC3 system. In the first system relative 
protein abundance of free Atg5, Atg12-5 complex, and Atg16L1 were similar between groups 
(Figure 7B). In the second ubiquitin like pathway, LC3A/B is converted to LC3A/B I and 
eventually to LC3A/B-II, which binds to the autophagosome and is a marker of autophagosome 
formation. Relative abundance of both LC3A/B I and LC3A/B II were similar between groups 
(Figure 7C).  
To asses autophagic flux we measured the conversion of LC3 A/B I to LC3 A/B II, which 
was similar between groups (Figure 7D). We also measured the relative protein abundance of 
p62, a selective autophagy receptor that is consumed during autophagy. Relative protein 
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abundance of p62 was not different between groups, suggesting to changes after 6 hours of heat 
exposure (Figure 7D).  
BNIP3L and PINK1 recruit and localize autophagic machinery to dysfunctional 
mitochondria and facilitate mitophagy. Relative protein abundance of both markers was similar 
between groups (Figure 7E). Autophagosomes fuse with lysosomes to form 
autophagolysosomes, in part through the fusion protein Mitofusin 2 (MFN 2), which was similar 
between groups (Figure 7F). Relative protein abundance of the lysosomal protease Cathepsin-L 
and lysosomal membrane protein LAMP2 were also similar between groups (Figure 7F).  
 
Discussion 
Heat stress has been shown to negatively affect human and animal health and agricultural 
production.  Despite the known negative consequences of prolonged exposure to high 
environmental temperatures, intracellular changes induced by heat stress are poorly understood 
compromising efforts to develop effective therapeutic interventions. We have previously 
examined 12 and 24 (36) hours of heat stress in skeletal muscle and discovered increased free 
radical injury in oxidative muscle, but not glycolytic muscle, implicating impaired mitochondrial 
function and metabolic strain in heat stress-mediated damage. Therefore, the purpose of this 
investigation was to determine the extent to which 6 hours of heat stress altered mitochondrial 
dynamics. Accordingly we were unable to detect any significant changes in mitochondrial 
respiration, metabolism, or mitochondrial clearance through the autophagy/lysosomal pathway in 
oxidative skeletal muscle.  
Physiological response to environmental hyperthermia.  Following the completion of 
our 6 hour heat treatment, rectal temperatures of heat stressed mice were increased 1.3 °C from 
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35.7 °C in thermoneutral mice to 37.0 °C in heat stressed mice.  While unexpectedly low, the 
core temperature of thermoneutral mice is within the normal range (5).  Our heat stressed mice 
displayed behavioral characteristics not observed in the TN mice, such as lethargy, shaking, and 
sprawling on their hydrogel, while the TN mice were freely moving in their cages. Additionally, 
the observed increase in the amount of hydrogel consumed by the heat stressed animals 
compared to the TN mice supports that our 6 hour heating intervention was sufficient to induce a 
physiologically meaningful increase in temperature consistent with a mild heat stress. Moreover, 
this change in temperature is consistent with project objectives as we did not intend to reach core 
temperatures >40 °C, which can result in heat-stroke pathology (32). 
The standard ambient temperature in which the mice were housed in the research 
facilities was 21 °C, which is compliant with the range recommended (20-26 °C) by the National 
Research Council and was suggested to be an optimal ambient temperature for group housing of 
mice (50) . However, it has been suggested that an ambient temperature of 29-31 °C is required 
to maintain thermoneutrality  (11) raising the possibility that mice experienced a mild cold stress 
and expended additional energy to maintain core temperature (11). As an aside, housing 
conditions may represent an additional physiological stress present throughout the literature 
capable of affecting outcomes of experimentally applied interventions. .  (32). 
Mitochondrial function.  A cell’s ability to respond to stress in conditions that impose 
increased energy demands is reflective of the bioenergetic capacity of mitochondria. This 
bioenergetic capacity is regulated by the capacity of the cell to transport substrates to the 
mitochondria and the function of the ETC to efficiently produce ATP (23). Resultantly, the 
overall quality and relative abundance of the mitochondrial population affects biogenetic 
capacity and stress resistance (22). Therefore, maintaining a functional population of 
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mitochondria through mechanism of quality control is essential for cell survival, especially 
during conditions of stress when mitochondrial damage may occur (23).  
In this experiment, we examined the effects of 6 hours of heat stress on mitochondrial 
function by measuring real-time O2 consumption of isolated mitochondria. We found that 
mitochondrial function was not altered by 6 hours of heat stress, counter to our hypothesis. 
Although not significant, a numerical reduction in State 3u respiration was detected in heat 
stressed mice in the pyruvate/malate assay, suggesting initial heat stress induces changes to 
complex I of the ETC (45). Consistent among the measures, no differences in mitochondrial 
respiration were detected after 6hours of heat stress, however numerical changes suggest pending 
alterations in respiration due to heat stress. Such changes would be consistent with previous 
work that discovered heat stress resulted in reduced uncoupled respiration (27) and impaired 
mitochondrial function through disrupting mitochondrial respiration and inducing changes to the 
electron transport chain (1, 24, 26, 59) Further, heat stress-induced damage to mitochondrial 
morphology and function has been previously reported (19, 26, 27), linking the mitochondria as 
contributors to heat induced injury. Our expectation is that had our heating intervention been 
more severe (intensity and/or duration) our results would have been consistent with the previous 
findings of others.  
 To further analyze mitochondrial function in response to heat stress, we examined the 
efficiency of fatty acid oxidation in mitochondria. Our results indicate that 6 hours of heat stress 
did not affect fatty acid oxidation efficiency, measured as the ratio of CO2 to ASM production. 
Following prolonged heat stress in skeletal muscle, decreased fatty acid oxidation was previously 
found, suggesting longer exposure to heat stress is necessary to impair fatty acid oxidation (1). 
We also measured metabolic flexibility as an additional indicator of mitochondrial health and 
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function, as an organisms capacity to adapt fuel selection in response to changes in nutrient 
availability reflects their ability to prioritize the use of energy and is an adaptation to survive 
under conditions of variable nutrient supply (51).  
Metabolic flexibility was numerically decreased following 6 h of heat stress, suggesting a 
decreased ability to oxidize fatty acids.  Following more prolonged exposures, which is 
supported by the finding on other heat stress models suggests a decrease in TCA cycle flux and 
an increase in glycolysis as a result of pyruvate dehydrogenase inhibition (44). Further it was 
suggested that mitochondrial function was a useful predictor of metabolic flexibility. As our 
results indicate, although no significant numerical differences in mitochondrial respiratory 
function were detected after 6 hours, initial changes due to heat stress may be suggestive of a 
small decrease in flexibility, which has been shown to be significantly effected by increased 
exposure to heat (53).  
 Biochemical measurements.  Oxidative stress has been observed in skeletal muscle 
following 12, 18, 24, and 72 hours of heat exposure in several animal models (36-39). Further, 
heat stress-induced mitochondrial damage has been shown to enhance mitochondrial ROS 
production, contributing to whole body heat-induced injury (30, 36, 59).  Measures of 
mitochondrial ROS production after 6 hours of heat stress were similar between groups.   To 
determine if mitochondrial function was preserved because of the efficient removal of 
dysfunctional mitochondria we investigated the extent to which 6 hours of heat stress altered 
autophagic signaling and flux. We reasoned that removal of damaged mitochondria via increased 
autophagy would allow us to distinguish between maintenance of mitochondrial function due to 
1) a failure of our heating intervention to cause damage, or 2) enhanced removal of 
malfunctioning mitochondria.  We found that autophagic nucleation, autophagosome expansion 
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and sequestration, autophagic flux and clearance, in addition to markers of mitophagy, were 
similar between groups.  These data suggest that mitochondrial function was not preserved by 
increased autophagy and is likely not impaired by our heating protocol.  In contrast to these 
findings we previously discovered that constant hyperthermic exposure for 24 and 72 hours 
broadly induced autophagic signaling in oxidative skeletal muscle (36). 
In summary, we found that 6 hours of heat stress in mice did not alter mitochondrial 
function or autophagic signaling in oxidative skeletal muscle. Although numerical changes in our 
measures might be indicative of initial changes due to our mild heat treatment, the exposure was 
not of sufficient magnitude and/or duration to examine heat-induced injury.    
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Figure Legends  
Figure 1. Phenotypic response to 6 hours of heat stress in oxidative skeletal muscle. 
A) Rectal temperature was increased by 1.3 °C in heat-stressed mice. B) Hydrogel intake was 
greater in heat stressed mice compared TN during 6 hour treatment. C). Average daily body 
weight of heat stressed and thermoneutral mice was similar before the treatment.   D) Change in 
body weight pre- and post-treatment was increased in animals kept under thermoneutral 
conditions compared with those exposed to heat stress. TN n=8-12/measure, HS n=9-
12/measure. * indicates significant difference compared to thermoneutral, p < 0.05. 
 
Figure 2. Mitochondrial respiratory function in oxidative skeletal muscle supplied with 
pyruvate/malate following 6 hours of heat stress. Measured by oxygen consumption rate 
(OCR) when supplied with pyruvate/malate A) Basal consumption (state 2), maximum coupled 
respiration (State 3), ATP production (State 4o), maximal uncoupled respiration (State 3u), and 
non-mitochondrial respiration were unchanged after 6 hours of heat stress. B) Spare respiratory 
capacity was unchanged after 6 hours of heat stress TN n=8-12/measure, HS n=9-12/measure. * 
indicates significant difference compared to thermoneutral, p < 0.05. 
 
Figure 3: Mitochondrial respiratory function in oxidative skeletal muscle supplied with 
succinate/rotenone following 6 hours of heat stress. Measures as the difference between 
maximal and basal oxygen consumption rate (OCR) when when supplied with 
succinate/rotenone. A) Basal consumption (state 2), maximum coupled respiration (State 3), ATP 
production (State 4o), maximal uncoupled respiration (State 3u), and non-mitochondrial 
respiration were unchanged after 6 hours of heat stress. B) Spare respiratory capacity was 
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unchanged after 6 hours of heat stress. TN n=8-12/measure, HS n=9-12/measure. * indicates 
significant difference compared to thermoneutral, p < 0.05. 
 
Figure 4. Fatty acid oxidation following 6 hours of heat stress in oxidative skeletal muscle.  
Measured by A) CO2 production, B) ASM production, C) total palmitate oxidation (CO2+ASM), 
and D) fatty acid oxidation efficiency ( CO2/ASM). TN n=8-12/measure, HS n=9-12/measure. * 
indicates significant difference compared to thermoneutral, p < 0.05. 
 
Figure 5. Metabolic flexibility measured in oxidative skeletal muscle after 6 hours of heat 
stress. A) Pyruvate oxidation rate in the presence of fatty acids. B) Pyruvate oxidation rate in the 
absence of fatty acid. C) Measure of metabolic flexibility calculated by percent change in 
pyruvate dehydrogenase (PDH) activity in the presence or absence of fatty acids. TN n=8-
12/measure, HS n=9-12/measure. * indicates significantly different compared to thermoneutral, p 
< 0.05. 
 
Figure 6. Measure of ROS production in oxidative skeletal muscle following 6 hours of heat 
stress. A) Measure of ROS production from isolated mitochondria of oxidative muscle in three 
assay buffers was similar between thermoneutral and heat stressed group for buffers A and C. 
ROS was increased in assay buffer B. TN n=8-12/measure, HS n=9-12/measure. * indicates 
significantly different from thermoneutral, p < 0.05. 
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Figure 7: Autophagic signaling was similar between heat stressed and thermoneutral 
animals. A) Relative protein abundance of markers of autophagic nucleation PI3K III and 
Beclin-1 were similar between groups. B) Relative protein abundance of markers of 
autophagosome elongation, Atg5, Atg12-5 complex, and Atg16L1 were similar between groups. 
C) Protein abundance of LC3 A/B I and II were not changed with 6 hours of heat stress. D) 
Measures of autophagic flux, relative protein abundance of LC3A/B II/I ratio and p62 were 
similar between groups. E) Mitophagy markers BNIP3L and PINK1 relative protein abundance 
was similar between groups. F) Markers of autophagy clearance MFN2, LAMP2, and Cathepsin-
L protein abundance was not affected by 6 hours of heat stress. G) Representative blots are 
included. Ponceau S stain (PonS) was used as a loading control. TN n=8-12/measure, HS n=9-
12/measure.  * indicates significantly different from thermoneutral, p < 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
107 
Chapter 3 Figures 
 
A.  
 
 
 
 
 
 
 
 
B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
108 
C.  
 
 
 
 
 
 
 
D.  
 
 
 
 
 
 
 
 
 
Figure 1. Phenotypic response to 6 hours of heat stress in oxidative skeletal muscle. 
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Figure 2. Mitochondrial respiratory function in oxidative skeletal muscle supplied with 
pyruvate/malate following 6 hours of heat stress. 
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Figure 3. Mitochondrial respiratory function in oxidative skeletal muscle supplied with 
succinate/rotenone following 6 hours of heat stress. 
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Figure 4. Fatty acid oxidation following 6 hours of heat stress in oxidative skeletal muscle. 
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Figure 5. Metabolic flexibility measured in oxidative skeletal muscle after 6 hours of heat 
stress. 
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Figure 6. Measure of ROS production in oxidative skeletal muscle following 6 hours of heat 
stress. 
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Figure 7. Autophagic signaling was similar between heat stressed and thermoneutral 
animals. 
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CHAPTER 4 
INTEGRATIVE SUMMARY 
 
Heat stress negatively impacts human and animal health and welfare and undermines 
efficient animal production.  Collectively, these cause global economic losses, which are likely 
to increase due to the effects of global warming (6). Despite recent developments in heat 
abatement strategies for animal agriculture, heat stress continues to impair overall growth, 
decrease reproductive ability, and impair overall performance (6, 7). Further, in the Unites States 
heat related illness has been demonstrated to claim more human lives than any other weather-
related exposure annually (2), and is a pressing and urgent risk to all living organisms as there is 
evidence of increased occurrence of severe weather events in the future (2, 3, 6).  Multifaceted 
investigation regarding the mechanisms of heat-induced injury are required in order to develop 
therapeutic strategies and targeted treatments to reduce the occurrence of heat-mediated 
pathologies. Our research has been focused on better understanding the mechanisms by which 
heat stress alters skeletal muscle physiology.  
 Previous work following 24 and 72 hours of heat exposure established that heat stress 
resulted in increased oxidative stress in oxidative muscle but not glycolytic muscle (5), 
implicating mitochondria in this process.  We reasoned that increased mitochondrial dysfunction 
would lead to increased clearance via autophagy.  We found that 24 and 72 hours of heat 
exposure increased autophagic initiation, autophagosome formation, and sequestration. 
Importantly, autophagic flux appeared to be inhibited by heat stress as a marker inversely 
correlated with flux, p62, was dramatically increased following heat stress compared to 
thermoneutral animals.  Decreased removal of mitochondria may underlie the apparent 
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mitochondrial accumulation occurring during heat stress as mitochondrial biogenesis was similar 
between groups.  We suggest that accumulation of dysfunctional mitochondria caused by 
decreased removal contributes to heat-stress mediated muscle dysfunction.  
 Our findings of increased ROS production and activated autophagic signaling at 24 and 
72 hours of heat stress implicate the mitochondria in heat-mediated injury and raise the 
possibility of mitochondrial dysfunction. To further investigate the effects of heat stress and the 
role of mitochondria in heat injury, we conducted a study to examine mitochondrial function 
following 6 hours of heat stress.  This time point was strategically chosen as in an independent 
experiment we found that it was the earliest time point of heat stress-mediated changes. Mice 
were heated for 6 hours in order to investigate the initial changes to mitochondrial dynamics and 
function. Following 6 hours of heat stress we were not able to detect changes in mitochondrial 
function, metabolic flexibility, and free radical production.  We hypothesized that damaged 
mitochondria could be removed via increased autophagy, however, autophagic signaling and flux 
were similar between groups.  These data suggest 6 hours of mild heat stress was not sufficient to 
induce heat-mediated pathology in mice.  
Overall these data contribute to the knowledge regarding heat-induced injury and 
dysfunction as we continue to better understand the molecular and intracellular changes that 
result in whole-organism adaptations. Further, in combination with our previous work at 12, 24, 
and 72 hours we are now able to provide a detailed account of the cellular changes taking place 
in oxidative skeletal muscle at these early time points.   
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Future Directions 
 The research presented in this thesis provides novel findings related to the mechanisms of 
heat-induced injury in skeletal muscle. However there is still much to be uncovered in order to 
fully understand how heat-induced intracellular changes result in a unique pathophysiology.  In 
our current work we discovered that 24 and 72 hours of heat stress induced autophagy signaling, 
however autophagic flux was decreased suggesting autophagic stalling. The mechanism by 
which this occurs is still unknown, though we hypothesize this stalling occurs prior to lysosomal 
fusion. Investigating how autophagy is regulated under conditions of stress could be beneficial in 
understanding the upstream signaling controlling initiation, and shed light onto the observed 
dysfunction of autophagic clearance. It has been previously reported that heat stress leads to 
changes in mitochondrial morphology and function (1, 4). The precise method in which heat 
stress damages mitochondria and disrupts respiration is still largely unknown, and further 
investigation is required. A major discrepancy among researchers investigating heat stress is in 
the order in which initial changes occur. It is speculated that disruption of calcium balance in the 
cell may be a triggering event, but this has not been fully investigated. The relationship between 
oxidative stress and mitochondrial dysfunction as it relates to heat injury is also not well 
understood, and whether oxidative stress leads to or results from mitochondrial dysfunction is 
unclear. Further characterization of heat-induced injury could provide mechanisms to target for 
heat-stress mediated treatment and prevention. 
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